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ABSTRACT
HIERARCHICAL NANOSTRUCTURES AND SELF-ASSEMBLY OF
POLYMERS CONTAINING METAL COMPLEX IN THE SIDE CHAIN
FEBRUARY 2007
KHALED A. AAMER
B.S., ALEXANDERIA UNIVERSITY
M.S., TUSKEGEE UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Gregory N. Tew
Synthesis of well defined polymers containing metal complexes in the side chain
is achieved either by the direct or the indirect approach. The direct approach utilizes
NMP and RAFT to copolymerize 2,2':6',2' -terpyridine ligand (terpy) functionalized
styrene (Styterpy) monomer in combination with other comonomers. The indirect
approach produced polymers using ATRP technique containing either terpy or
[Ru(terpy)2]"^ metal complex in the side chain. The indirect approach is considered the
best method to obtain terpy or metal complex containing polymers in the side chain.
Luminescence block-random copolymers containing [Ir(terpy)2]"^ in the side
chain were studied. Absorbance and emission spectra compared to a model compound
shows that the polymer backbone has a minor effect on the polymer absorbance but
produces a larger shift for the phosphorescence signals to higher wavelength. Dynamic
vi
light scattering of the [Ir(terpy)2]''^ containing copolymer studied in various solvents
showed mono-modal aggregation with decreasing aggregate size as the solvent
dielectric increased. The copolymer precursor P(S-b-ACterp\) shows multi-modal
aggregation in different solvents with the majority population consistent with single
chains. This difference in behavior between the two polymers is attributed to the
electrolytic nature of the complex and the amphiphilicity induced by the metal complex.
Homopolymers containing [Ru(terpy)2] ' in the side chain are prepared in which
the complex contained either a long hydrophobic Ci6-alkyl group or only hydrogen at
the 4'-terpy position. The homopolymers containing the Ci6-alkyl groups showed
lyotropic liquid crystalline (LC) behavior in chloroform solutions from room
temperature to 60 °C and self assembled in the bulk to form hexagonal arrays of
cylinders. In addition, this alkyl side chain was observed to crystallize in the solid state.
Homopolymers without the Ci6-alkyl group showed no lyotropic LC nor any
crystallization behavior.
Diblock and tetra-arm star copolymers containing [Ru(terpy)2]*^ with Ci6-alkyl
group in the side chain were studied in which the diblock show lyotropic LC properties
and microphase separate in the bulk into hierarchical cylinder-within-lamella
morphology. The star polymer show birefringence and microphase separate in the bulk.
Both copolymers have crystalline properties due to the Ci6-alkylgroup. The material
design emphasizes the relationship between the molecular structure and self-
organization of these polymers.
vii
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CHAPTER 1
INTRODUCTION
1.1 Historical Background and Sequence of Events
Fifteen to twenty billion years ago, according to the big bang theory, the universe
arose with a cataclysmic explosion that hurled hot, energy-rich subatomic particles into
all space and physics reigned. Within seconds, chemistry started to take over and simple
elements were formed; these united to form more and more complex molecules. These
molecules associated into aggregates and membranes, defining primitive cells out of
which life emerged. "
Since the start of life on earth, chemistry has played a major mle in controlling
and transforming matter. Human history reveals how human took advantage of chemical
transformations and how these transformations led to remarkable revolutions since the
discovery of fire. During the last two centuries, since the synthesis of urea by Friedrich
Wdhler in 1828, which gave birth to organic synthesis, molecular chemistry has
developed a vast array of highly sophisticated and powerful methods for the
construction of ever more complex molecular structures by the making or breaking of
covalent bonds between atoms in a controlled and precise fashion. Chemistry has
traditionally operated outside the regime of naiio-scale structures, dealing at one end
with the construction of sub-nanometer molecules, but without strict control of shape in
solution or the gas phase, and at the other end with crystals large enough to diffract X-
rays coherently."^
1
1.2 Nanotechnology and Nanostructures: Overview and Definition
In 1959, Richard P. Feynman gave a lecture tilted "There is Plenn> ofRoom at
the Bottom". Feymnan was inspired by the marvelous biological systems in which cells
could code information using DNA's base sequences. This has led him to ask "WJiy
cannot we write the entire 24 volumes ofthe Encyclopedia Brittanica on the head ofa
pin? " and propose the idea of witting information in a small scale using tens of atoms to
represents bits of information which could be written and read by electron microscopy.
He laid down the inspirational foundations for miniaturizing large computer machines
in which wires should be 10 or 100 atoms in diameter, and the circuits should be a few
thousand angstroms across.
In the 1974, Norio Taniguchi coined the term "Nanotechnology" in which the
idea of building machines on the scale of molecules was advocated, a few nanometer
wide-motors, robot arms, and even whole computers, far smaller than a cell.' "*'^ As
nanotechnology became an accepted concept, the meaning of the word shifted to
encompass the simpler kinds of nanometer-scale technology. The U.S. National
Nanotechnology Initiative (NNI) was created to fund this kind of nanotech; their
definition includes stmcture smaller than 100 nanometers with novel properties. Perhaps
one of the most important aspects of nano-length scale is that it is the length scale in
which biological systems use to build their structural components such as microtubules,
microfilaments, and chromatin. Understanding the principles of building these
2
components are key steps toward creating ordered nanostructures with potential
applications.^"^
1.2.1 Nanostructures, Materials and Method of Fabrication (bottom-up & top-
down).
"Nanofabrication" is the process of making functional structures with arbitrary
patterns having minimum dimensions currently defined (more-or-less arbitrarily) to be
<100 nm.^ Methods used to generate nanoscale stmctures and nanostructured materials
are commonly characterized as "top-down" and "bottom-up". The top-down approach
uses various methods of lithogi^aphy to pattern nanoscale structures. This approach
includes serial and parallel techniques for patterning features, typically in two-
dimensions (2D), over length scales approximately 4 orders of magnitude larger (in
linear dimension) than an individual structure. The bottom-up approach uses inter- and
intra-molecular interactions between molecules or colloidal particles to assemble
discrete nanoscale structures in two and three dimensions. The bottom-up approach has
two advantageous over the top-down approach. The first being the dense chemical
varieties in which a complex chemical surface with different functionalities can be used
as a building block with control over position and orientation. By contrast, the top-down
approach works on very limited chemical diversity systems. The second is the vastness
of the chemical scale in which well defined structures organized over very large area in
two or three dimensions could be built by tiny amounts of materials.
3
1.2.2 Principles of Building Ordered Nanostructures by Bottom-Up Approach
The creation of ordered nanostructures can be outlined by three main processes.
The first is the molecular recognition principle.' Molecular recognition is a branch of
chemistry commonly known as host-guest chemistry. Molecular recognition between
molecules occurs as a first step towards interaction and is based on "Lock and Key " or
"Molecular geometrical complimentarih-" considerations. The process of recognition
should be selective and it occurs tlirough non-covalent interactions including hydrogen
bonding, hydrophobic interactions, ionic interaction, metal ligand complexation or other
interactions between the two molecules. Molecular recognition can be subdivided into
static and dynamic molecular recognition processes. Static molecular recognition is
defined as the interaction between a key and lock; it is a 1:1 type stoichiometeric
interaction between a host and a guest molecule and once formed essentially irreversible
under the conditions studied. Dynamic molecular recognition is characterized by non
stoichiometeric interaction and the highly dynamic changes in the host-guest molecules.
Molecular recognition processes lead to self-assembly, the second principle to form
ordered nanostructures. Guided by a balanced intra- and mteiTnolecular interactions,
self-assembly is the backbone of creating ordered nanostmctures. Molecular recognition
and self-assembly processes is beautifully demonstrated by DNA molecules. DNA
strands will recognize each other by complimentary nucleic bases through hydrogen
bonding interactions which secure the DNA double strand. The process is followed by
self-assembly to generate the well known and predictable helix and bundle of helices of
ordered nanostructures. The final principle is the replication process which scales up the
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manufacturing processes to generate a whole set of these nanostructures. Biological
systems represented by cells are considered the masters and the perfect machinery to
employ the above principles to generate various nanostructures in very high efficiency.
"
1.3 Evolution of the Supramolecular Concept and Supramolecular Molecules
In the 1990's, Lehn introduced the concept of supramolecular chemistry as the
chemistry beyond the molecule.' Supramolecular chemistry is divided into two broad,
partially overlapping areas which are supennolecules and supramolecular assemblies.
On one hand supermolecules are well defined, discrete oligomolecular species that
result from the intermolecular association of a few components (a receptor and its
substrate(s)) following a built-in "Aufbau ' scheme based on the principles of molecular
recognition. On the other hand supramolecular assemblies are polymolecular entities
that result from the spontaneous association of a large undefined number of components
into a specific phase having more or less well defined microscopic organization and
macroscopic characteristics depending on its nature (such as films, layers, membrane,
vesicles, micelles, mesomorphic phases, solid state structures, etc).' The bottom-up
approach utilizes the noncovalent interactions, including electrostatic interactions,
hydrogen bonding, van der Waals forces, hydrophobic interactions, tc-tt interactions, and
metal ligand complexation, between molecules to control their hierarchical assembly
into functional supramolecular systems. Such functional supramolecular systems may
lead to the developments of molecular and supramolecular devices thi'ough the use of
self-assembly, self-organization and replication processes.
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The concepts of self-assembly and self-organization in supramolecular
chemistry were employed by Lehn to prepare a series of inorganic double and triple
helices,' the helicates. Double and triple helicates can be self-assembled through the
use of acyclic co-receptors in the form of repetitive chain ligands connected linearly
in combination with suitable metal ion. The final structure architecture is defined in
terms of the metal complex geometry which in turns depends of both the ligand and
the metal ion utilized. The self-assembly process is a cooperative process in which
binding of the metal ion with one site in the linear an^angement of the ligands
subunits triggers and directs the binding of the remaining sites. Figure 1 . 1 shows a
representative example of both the double and triple helicates using bipyridine as
recognition binding ligand along with different metal ions to form the final helicates
architectures.
Double Helicates Trible Helicates
Figure 1.1. Schematic representation of the oligo-bpy linear ligands precursors and
metal ions, which upon association form the con^esponding double and triple helicates.
(Reproduced form Lehn, 1995, Weinheim)
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Formation of the double helicates relies on the linear skeleton of substituted two
to five 2,2'-bipyridine (bpy) connected in the 6,6'-positions ligands along with either
Cu(I) or Ag(I) metal ions. The presence of the metal ions with the bpy skeleton triggers
a spontaneous assembly giving the double-stranded helicates, the di- to pentahelicates
shown in Figure 1.1. The molecular recognition between the bpy ligands and the Cu(I)
or Ag(I) is the basic algorithm to form supramolecular architecture forming the
tetrahedral complex building block of the double helicates. The tetrahedral geometry of
the [Cu(bpy):]^ and [Ag(bpy)2]^ complex in association with the ligand preferential
inter- rather than intra- binding to the double strand imposes the necessary spatial
confinement to form self-assembled the double helicates.
The structural design of the linear oligo-bpy coreceptor is critical to the
programmed self-assembly processes which allow the double helicates to form under
free or low steric hindrance. Modification of the oligo-bpy coreceptor ligand from the
6,6'-disubstitution to 5,5'-disubstitution removes the steric hindrance imposed on the
ligands to fonn octahedral metal complex and the formation of the triple helicates.
Figure 1.1 shows this process in which [Ni(bpy)3]''" fonns the building block for the
self-assembled triple helicates.
1.4 Literature Overview of Polymers Containing Metal complexes
The start of metallo-supramolecular polymer field can be traced back over 15
years ago with the work of Hanabusa,'^ '^ Chujo,'-' , and Potts"' in which they
performed conventional radical polymerization techniques to incorporate metal ligand
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complexes in a polymer side chain. In recent years Week,' and Sleiman"'""^ and our
laboratory"""" became interested in controlling polymer architectures by employing
controlled polymerization techniques. Also recently, metal complexes were incorporated
as building blocks or in polymer chain ends to form coordination polymers or higher
molecular weight coordination polymers as in the work of Rowan,'^""*^ Kimura,^"
Kurth," and Schubert."^'^""^""' Having the metal complex in the center of a polymer star
was extensively studied by Fraser."^'^'
1.4.1 Controlled Architectures: Coordination Polymers
Coordination polymers are polymers in which metal complexes constitute the
monomeric backbone building block. The monomeric unit is characterized by having
ligand units at both ends. Coordination of the metal ion commonly results in the
fonnation of either rod-like or flexible polymers depending on the spacer connecting the
two ligands.
Wiirthner showed that rod-like metallosupramolecular coordination
polyelectrolyte (MEPE) can be formed by complexation of the ditopic terpyridine-
flinctionalized perylene bisimide ligands, see Figure 1.2, with Zn(II).^~ The resulting
coordination polymer is rod-like with an average length of 1 5 monomeric units.
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At = /;-rBuPh
p-rOcPh
Figure 1.2. Schematic representation of perlyene bisimide unit. (Reproduced from
Wiirthner et al. 2005, ACS)
Kurth demonstrated the use rodHke structures to build straight nanostructures of
metallosupramolecular coordination-polyelectrolyte amphiphile complexes (PAC) on
graphite.'^ These materials are readily self-assembled from metal ions, ditopic ligands
,
and amphiphiles shown in Figure 1.3. The composition ofPAC fornied under the
particular assembly conditions is such that six dihexadecyl phosphate molecules (DHPs)
bind per repeat unit. Presumably, DHPs form a charged hydrogen-bonded network,
which binds to the MEPE through electrostatic interactions which is shown
schematically in Figure 1.3. The association of MEPE and DHP has a profound impact
on the properties of the final material.
Self-assembly of perfectly straight and epitaxially oriented nanostructures of
PACs based on the multicomponent sequential self-assembly process on graphite is
shown in Figure 1.3. The gi'aphite substrate acts as a template to align the alkane layer
and PAC structure on top epitaxially.
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Figure 1.3. Schematic presentation of ditopic ligands and sequential self-assembly
model of MEPE and dihexadecyl phosphate (DHP) auto-assemble on graphite.
(Reproduced from Kurth et al. 2002, Wiley hiterscince)
Other metallosupramolecular coordination polyelectrolytes in which the spacer
connecting the two monomeric terminal ligands is flexible is well demonstrated by
Schubert."^^ Higher molecular weight polyethylene glycol is formed when bis(terpy)
functionalized polyethylene glycol was complexed with Fe(II), Figure 1.4.
Q = Fe>
) Q Q Q O
Figure 1.4. Schematic representation of the metal-induced formation of coordination
polymers. (Reproduced from Schubert et al. 2003, ACS)
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Metallosupramolecular gels were prepared employing the same concept. To
form the gel network, linear chains and cross-linked junction points between the linear
chains should be formed. Rowan has elegantly manipulated this concept by using
transition metal ions and lanthanides to foiTn linear chains and create crosslinked
junction points with bis(2,6-bis(r-methylbenzimidazolyl)-4-hydroxypyridine), HO-BIP,
bis-fiinctionalized polyethylene glycol bis(HO-BIP)PEG. HO-BIP binds to transition
ions in 2; 1 ratio forming linear chain and binds to lanthanides in 3: 1 ration to form
branching point. Figure 1.5 shows this self-organization to form Metallosupramolecular
gels.
Figure 1.5. Schematic representation of the formation of a metallo-supramolecular gel-
like material using a combination of lanthanoid and transition metal ions mixed with
bis(HO-BIP)PEG. (Reproduced from Rowan et al. 2003, ACS)
1.4.2 Polymers Containing Meal-Complexes in the Side Chain for Heterogeneous
Supported Catalysts.
Heterogeneous catalysts are those catalysts, mostly solids, which constitute a
different phase with respect to that of reagents and products.^' Heterogeneous catalysts
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have potential advantageous over their homogenous counterparts. These involve
selectivity and the ease of separation at the end of the reaction with consequent
recyclability. Metal complexes with catalytic activity can be incorporated in polymer's
side chain to prepare heterogeneous supported catalyst. The preparation of an organic
polymer supported catalyst involve the use of the two following strategies: ( 1 ) the
preparation of polymer containing ligand functionality followed by immobilization of
the metal complex via reaction of a suitable metal complex precursor with the
macromolecular ligand; or (2) the preparation of a suitable metal containing monomer
whose (co)polymerization leads to the desired organic polymer supported catalyst. The
latter approach is the most commonly used method. Heterogeneous supported catalysts
are used to catalyze a range of reactions including ethylene polymerization,
hydrogenation, oxidation, C-C bond formation, Diels-Alder reaction, epoxidation of
olefins, and stereoselective reactions. Organic supported heterogeneous catalyst can be
classified according to the nature of the ligands used to bind the metal ions centers in
the complex which are further subdivided according to the binding atoms, i.e N, O, P,
and C atoms. Figure 1.6 shows examples of different monomers used in the preparation
of a range of heterogeneous catalyst.
Figure 1.6a and b shows examples of metal complexes based on nitrogen atoms
containing ligand. In the case of complex (a), copolymerization of
bis(imino)pyridineiron(II) complex with ethylene is used to self immobilize the complex
for further ethylene polymerization. Polymer imprinting technology was used to prepare
enantioselective hydrogenation heterogeneous catalyst of acetophenones based on
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complex (b). The strategy involves the replacement of the chloride in (b) with
methylphenylphophinato, the resulting oreganometallic complex is copolymerized with
ethylene gylcol dimethylacrylate. Cleavage of the phosphinato group allowed the
synthesis of supported Rh(I) complex having the shape-selective cavity near the metal
atom that mimics the transition state during the hydrogenation of acetohenone to give
83-95% enantiomeric excess of 1-phenylpropanol.
Metal complex based on binding through oxygen type ligands is shown in Figure
1.6c, 2-methyl-4-vinyl-6-rerr-butylphenol was used to prepare titanium(IV) complex
which is used after copolymerization with styrene and divinylbenzene to catalyze Diels-
Alder reactions. An example of catalytically active transition metal complex based on
phosphorus containing ligand is shown in Figure 1 .6d. The complex was copolymerized
with styrene and divinylbenzene to yield a materials that catalyze the Suzuki reactions
between phenyl boronic acid and 4-bromoanisole, 2-bromoanisole, or 4-
nitrobromobenzene and the Stille coupling between 4-nitrobromobenzene and
tributylphenyltin. Metal complex based on ligands bound by carbon atoms is shown in
Figure 1.6e. The ruthenium complex was copolymerized with ethylene glycol
dimethyacrylate to yield resin which, upon treatment with a suitable chiral diamine, was
active in asymmetric transfer hydrogenation.
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le)
Figure 1.6. Schematic representation of different metal complexes used in preparation
of heterogeneous supported organic catalyst. (Reproduced from Mastrorilli et al. 2005,
John Wiley & Sons, Inc.)
1.4.3 Non-controlled Architectures: Metal Complexes Grafted from Polymer
Chain
Over a decade ago, Potts'^ demonstrated that metal complexes can be grafted
from the side chain by direct polymerizing 4'-vinyl-2,2':6',2' -terpyridinyl to form
homopolymer and random copolymer with styrene using conventional free radical
polymerization
,
see Figure 1.7a. The terpyridine group was complexed with Cu, Co and
Zn salts and it was claimed to fonn mono-terpyridine complex as the reactivity ratio
between styrene and 4'-vinyl-2,2':6',2' -terpyridinyl were detennined to be 0.47 and
1.12 respectively. Hanabusa, on the other hand, radically copolymerized terpy based
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acrylate monomers with styrene and methyl methacrylate, see Figure 1.7b.'^"The
inherent viscosity of the copolymer solutions decreased with the complexation with
Fe(II) suggesting polymer chain shrinkage. Chujo showed that the bipyridyl-branched
polyoxazoline complexed with Co(III) system form reversible intermolecular
crosslinked metal complex network stimulated by both redox and thermal processes, see
Figure 1.7c, Also the system form thermally reversible intermolecular crosslinked metal
complex network in case of Fe(n) ions. Reversibly, the swollen hydrogel formed were
stable in cold water but dissolved upon heating. This reversible inter-conversion
between the gel and the soluble polymer was attributed to the ligand exchange reaction
and by redox process through reduction of Co(III) to Co(II).
(c)
Figure 1.7. Random copolymer involved in metal complexation studies.
(Reproduced from Potts et al. 1988, Chujo 1993 et al.. and Hanabusa at al., 1992. ACS )
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1.4.4 Controlled Architectures: Metal Complexes Grafted from Polymer Chain
The recent evolution in controlled polymerization techniques has allowed
researchers to synthesis different macromolecules with a plethora of tolerable
functionalities. Employing Ring Opening Metathesis Polymerization (ROMP), Week
was able to synthesize diblock, and random copolymers possessing both palladated
pincer complexes and diaminopyridine moieties (hydrogen-bonding entities) (see Figure
1.8) based on norbomene monomer. Noncovalent fianctionalization in terms of metal
complexation and hydrogen bonding was achieved via directed self-assembly, multistep
self-assembly, and one-step orthogonal self-assembly with both .V-butylthymine and
pyridnie units.
Figure 1.8. Schematic diagram of palladatedpincer and diaminopyi"idine moieties in
random copolymer and their self-assembly with N-butylthymine and pyridine units.
(Reproduced from Week et al. 2003. ACS)
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In another demonstration, Sleiman prepared homopolymers and block
copolymers bearing a dense arrangement of ruthenium(ll) tris(bipyridine) complexes as
pendant groups via ROMP, see Figure 1.9. UV/vis absorbance, luminescence, cyclic
voltammetry studies showed that the properties of the monomer are retained in the
homopolymers and block copolymers. The Ru(ll) complex containing block copolymers
can self-assemble in selective solvents to generate large multi-micellar aggregates,
which retain their luminescence upon micellization." "
(a) (b)
Figure 1.9. Homopolymer (a) and copolymer (b) of ruthenium(Il)tris(bipyridine)
complexes. (Reproduced fi-om Sleiman et al. 2003, ACS)
1.4.5 Controlled Architectures: Metal Complexes as Junction Points between
Polymer Blocks
Linear and Star polymers with the metal complex in the center have been studied
by Fraser. Using either the convergent or the divergent approach, multiami
metallosupramolecular star homo, and diblock copolymers are constructed. In the
divergent approach, multiarm metalloinitiator based on tris(bipyridine) Fe(II) and Ru(ll)
are used to initiate oxazolines controlled polymerization. Other blocks include
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polystyrene, poly(methyl methacrylate) using atom transfer radical polymerization
(ATRP), and poly(lactic acid), and poly(e-caprolactone) using ring opening
polymerization (ROP). The convergent approach involves growing the polymer chain
from functionalized bipyridine initiator ligand followed by assembling the star polymer
via complexation with the metal ion. Figure 1.10 illustrate the two approaches and
different star polymers synthesized.'
- Monomer
N
1
M = Fe-% Ru-"
bpyPLA,
bpyPCLj
Divergent Approach
M = Fe Ru'
Covegent Approach
N/„,^j.,aN
One
Four
Ru
Two Three
N—
B
K
'N//„ I ,„\N
D '
C
Fne Six
N
= CZ-diimine ijgand
= polv-,i>rtfntf
Figure 1.10. Schematic diagram showing the divergent and the convergent approaches
to the left. A to F are the various star polymer synthesized with different arms.
(Reproduced from Fraser et al. 2000-2004, ACS)
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1.5 Goals and Motivations
The ultimate goals of this dissertation are based on developing a synthetic
strategy to obtain well defined polymers containing metal complexes in the side chain
and demonstrating that these polymers can self-assemble into ordered nanostructures
along with all the useful functionalities the metal complex inherently possess. The
relationship between polymer design, structural elements, and final self-assembled
ordered structure is will illustrated by carefully designing polymers to include three
major different interactions forces. These forces include hydrophobic, hydrophilic, and
metal ligand interaction forces in which polymers containing metal complexes in the
side chain contain these components, hi a typical homopolymer design, a hydrophilic
polyacrylamide backbone connected to ionic metal ligand complex with hydrophobic
long alkyl group in the side chain carry all the elements for the polymer to show
lyotropic liquid crystalline properties and self-assemble in the bulk into cylindrical
nanostructure as will be illustrated in chapters 4. Combining this homopolymer block
into a block copolymer architecture leads to the self-assembly of hierarchical
nanostructures in which structure-within-stmcture emerges in two different length
scales. Polymers containing metal complexes in the side chain have great potential in
many applications including building functional nanostructures, optical sensors,
emissive labeling tags for biomacromolecules, building multicomponent molecular
systems for studying photoinduced charge separation processes, and organic light
emitting devices
\9
1.5.1 Design and Synthetic Strategies for Polymers Containing Metal Complexes
in the Side Chain
The basic structural design elements of polymers containing metal complexes in
side chain are demonstrated by the structure shown in Figure 1.11. This structure
reflects all three interaction forces discussed in previous section, the hydrophilic
backbone, the ionic metal ligand complex, and the hydrophobic alkyl chain. Although
we have focused on poly(vinyl-p-benzamide) backbone in our early effort, we have used
polyacrylamide backbone in later systems. Polymers with and without this long alkyl
chain are targeted in the synthesis.
Ionic Head
Hydrophobic Tail
Figure 1.11. Basic structural design of polymers containing metal complexes in the side
chain represented by PHBTA homopolymer.
The chosen metal complex is based on using 2,2':6',2' -terpyridine (terpy) with
either Ru(II) or Ir(III) metal ions. For our goals, terpy is a suitable ligand to work with
since it has desirable properties. These properties include the ability of terpy to chelate
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with a wide range of metal ions, weak basicity in water (pKi = 4.7, pK: = 3.3), and
strong chelation. Furthermore, it has the inherent advantages of forming two metal
complex species in solution namely the mono-complex [M"^(terpy)Xn] and bis-complex
[M"^(terpy)2Xn] where M^" = metal ion and X = counterion. These complexes can exist
in only one sterol someric form because of the planarity of the terpy ligand.^""^^'^^
The key design criterion in incorporating metal complexes based on terpy ligand
in the side chain of polymeric systems and to fulfill the design shown in Figure 1.11 is
the ability to synthesis asymmetric metal complexes. In order to obtain these
asymmetric bisterpy complexes, the complexes should be thermodynamically and
kinetically stable and can be prepared in a stepwise fashion to avoid the dynamic
dissociation/association processes during and after their formation in solution. For
bisterpy complexes, this criterion is achieved by carefully choosing the metal ion. Li the
following few paragraphs we will discuss the relationship between the complex and the
metal ion in terms of factors that determine their stability and ability to synthesize and
isolate different monoterpy complexes to form asymmetric bisterpy complexes in a
subsequent steps.
Terpy ligand can bind to a wide range of metal ions in the periodic table
including the transition metal ions series, lanthanides, and actinides. The most studied
metal ions in complexes reaction with terpy are Mn(II), Fe(II). Co(II), Ni(II), Cu(II),
Zn(II), Ru(II), Rli(III), Pd(II), Cd(II), Os(II), Ir(III), and Pt(II). The complexation
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reaction between terpy and different metal ions can be represented by an equilibrium
reaction shown in Figure 1.12.'*"*^""^^
M"^ + terpy - [M(terpy)]"^
[M(terpy)]"++ terpy - [MCterpy).]"^
Figure 1.12. Simplified complexation scheme between metal ion and terpy to form the
mono-terpy and bis-terpy complexes. M"^ = metal ion, Ki and K: are the
thermodynamic equilibrium stability constants for [M(terpy)]"^ and [M{terpy)2]"^
complexes respectively.
Formation of the bis-complex [M(terpy)2]"^ occurs in two steps, the reaction of
metal ion with terpy to form the mono-complex [M(terpy)]"^ followed by reaction with a
second free terpy to form the bis-complex. The extent of these reactions is determined
by the stability constants Kj and K:. Although there are not many studies in the literature
specifically conducted to measure Kj and K: for a wide range of metal ions and terpy,
Wilkins has measured the stability constant Ki in water using UV-vis spectroscopic
methods for the five metal ions shown in table 1.1.^''
Table 1.1. Thermodynamic stability constant Kj determined for a series of M(terpy)2"
complexes in water by a spectrophotometeric method at 25 "C.
logKilM'^
M-^ {terpy)-"
Mn(II) 4.4
Fe(II) 7.1
Co(II) 8.4
Ni(n) 10.7
Zn(II) 5.1
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Wiirthner has reported lower limits stability constants for the reaction between
terpy and M = Fe(II), Co(II), Ni(II), Cu(II), and Zn(II) using isothermal calorimetry
(ITC) in acetonitrile (see Table 1.2). "
Table 1.2. Lower limits for the binding constants determined for a series of
M(terpy)2(C104): complexes in acetonitrile by ITC at 25.3-25.5 °C.
logKM'^ logK:M'^
M-^ ^ M (terpy)-"' M (terpy ^ M (terpy)
Fe(II) >8 >10
Co(II) >8 >10
Ni(II) >8 >10
Cu(II) >8 =8
Zn(II) >8 >10
Although the bis-complex [M( terpy)?]" is the final form obtained in solution,
the dynamic nature of the complexes were investigated by Hogg and Wilkins for the
reaction of various M(terpy)2 complexes with excess teipy in water. Their results
showed that [Fe(terpy)2]"^ and [Ni(terpy)2]"^ are kinetically stable with half-levies of t\ 2
= 8400 and 610 min respectively while for [Co(terpy)2]'^ is much lower with ti 2 = 60
min. Schubert found that Cu, Co, and Cd complexes where also found to be labile from
viscosimetry experiments with tpy-substituted poly(ethyleneoxide).^'^ The solid
complexes [M{teipy)Br2]. M = Fe(II), Co(II), and Ni{II) were reported to be synthesize
and isolated but they also disassemble in water which creates a problem in fonning
asymmetric complexes with two different terpy molecules. Based on these data we ruled
out using the first transition metal ion series.'''^
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Although the first transition metal series are not the perfect candidates to fulfill
our goal, the second and the third transition metal ion series represented by Ru(II),
Rh(III), Os(II), and Ir(III) are reported to form stable [M(terpy)]"' mono-complexes that
can be isolated and subsequently reacted with another terpy to fonn the bis-complex
[M(terpy)2]" .'"^^^^''^''^'^ The [Ru(terpy)2' ] complex is relatively easy to synthesize in
either symmetric or asymmetric fomis and its photophysical data is available in the
literature making it an ideal choice for incorporation into the polymer side chain.
[Ir(teipy):"^] is not as easy to synthesize as it ruthenium counteipart but due to its
desirable emission properties and the potential use in many applications.'"^ '^"^'"''"^'^^"^^'^'^
we have decided to also incorporate [h-(terpy)2"^].
Having decided on the metal complexes and the design of the target polymer,
two different synthetic strategies were explored to obtain well defined polymers with
metal complexes in the side chain. These synthetic approaches will deteiTnine at what
step in the synthesis the metal complexes are introduced to the polymer side chain. The
first synthetic approach is based on the direct copolymerization of terpy containing
monomers to obtain different polymer architectures using nitroxide polymerization
(NMP) and reversible addition-fragmentation chain transfer polymerization (RAFT)
techniques. In this approach, the terpy ligand is grafted from the polymer backbone
which allows the post functionalization with M{terpy)""^ mono-complexes. The second
synthetic method is the indirect approach and involves either introducing the terpy
ligand or the metal complex directly into the polymer's backbone after the fomiation
using atom transfer radical polymerization (ATRP). The basic themes of both
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approaches are illustrated in Figure 1.13. Two differences between the strategies are
highlighted, the first being the method used to control the polymer's molecular weight,
polydispersity index, architecture, and composition. The second is the method of
introducing the metal complex into the side chain. The direct method uses NMP and
RAFT to polymerize terpy containing monomers which, as we will discuss in the
coming chapters, has resulted in polymers with terpy in the side chain that were
technically hard to characterize using size exclusion chromatography and without a high
degree of control over the polymer's architectures. The indirect approach on the other
has allowed for the complete characterization of the polymer's backbone and complete
control over the polymer architecture but requires post polymerization to incoiporate
either terpy or the metal complex as a whole into the polymer side chain. The indirect
method proved to be a robust method to achieve our goals, therefore we have used it to
synthesize a variety of polymer's architectures and also to obtain densely functionalized
polymers with Ruiterpy):" complex.
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Direct Approach
Figure 1.13. Schematic representation of the direct and the indirect approaches used to
obtain polymers containing metal complexes in the side chain.
The polymers synthesized by the indirect approach were not post-functionalized
with mono-terpy metal complex since we could not achieve control over the polymer's
architecture and composition by this method. A diblock copolymer containing terpy in
the side chain was synthesized by the indirect method and post-functionalized with
[h^CterpyjCls] to demonstrate that post-functionalization of grafted terpy is not the best
way to introduce the metal complex into the polymer side chain. Instead post-
functionalization of the polymer backbone with a pre-synthesized complex is the best
way to achieve high incorporation of the metal complex.
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1.6 Dissertation Plan
The dissertation is divided into three principle sections. The sections are spread
over the dissertation chapters in which development of the synthetic tools, from direct to
indirect method by introducing terpy or the pre-synthesized metal complex into
polymer's side chain, go parallel with the physical characterization of different
polymers generated in terms of their optical, aggregation in solution, lyotropic liquid
crystals, polyelectrolytic behavior, and self-assembly into different moiphologies.
Section I deals with the development of a synthetic strategy of well defined
polymers containing terpy in the side chain using the direct method and employing
controlled free radical polymerization techniques (NMP and RAFT). Since we are
uhimately interested in studying the self-assembly of polymer containing metal
complexes in the side chain, it was very important at the beginning to establish a
synthetic strategy that enable us to obtain well defined and controlled pol\Tiier
architectures in terms of the polymer's molecular weight (MW), polydispersity index
(PDI), architectures, and composition. Chapter 2 covers conclusi\'ely the direct approach
in synthesizing polymers containing terpy in the side chain. The explored polymer
architectures include random, block-random, and diblock copolymers in which the terpy
ligand is confined to one block and based on functionalized polystyrene and
poly( methyl methacrylate) backbone. The polymers synthesized using NMP and RAFT
controlled polymerization techniques.
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Section II deals with the development of the indirect approach employing ATRP
technique to synthesize various polymer architectures functionalized with terpy in the
side chain. Also it explores post-functionalization of terpy containing polymer with
monoterpy complex as a mean to introduce metal complex into the polymer's side
chain. Section II will demonstrate that post-functionalization of terpy containing
polymers with monoteipy compolex is not the optimum method to obtain highly
functionalized polymers with grafted metal complexes but rather is the introduction of
the pre-synthesized metal complex directly into the polymer's backbone is the optimum
method and is covered in section III. Chapter 3 is divided into tw^o parts, the first covers
the mdirect approach to synthesize homopolymer, diblock. triblock. tetra-arm star
polymers based on polystyrene and polyacrylamide backbone in which terpy ligand is
grafted off the side chain and confined in one block. The second part covers the post
functionalization of terpy containing diblock copolymer P(S-b-ACtc, py) with
Ir(terpy)Cl3 to introduce the [Ir( terpy):] metal complex into the diblock copolymer
side chain. The copolymer optical properties and the effect of the copolymer backbone
on the emission properties of the [Ir(terpy)2]'^ metal complex are presented. The
polyelectrolytic effect of the [Ir(terpy)2]^^ metal complex containing copolymer on the
its aggregation properties are studied by dynamic light scattering (DLS) in different
dielectric constant solvents.
Sections III deals with the indirect method to introduce metal complex directly
into polymer's chain based on polystyi-ene and polyacrylic acid backbones. The section
also covers studying polyelectrolytic behavior, optical properties, lyotropic liquid
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crystals, and morphological self-assembly of the homopolymers, diblock, and tetra-arm
star copolymers containing [Ru(terpy)2]'^ metal complex with and without Ci6-alkyl
gi-oup.
Chapter 4 covers the synthesis of homopol>Tners containing [Ru(terpy)2]'" metal
complex with and without Ci6-alkyl group namely PHBTA and PBTA respectively by
the indirect method and their characterization. Chapter 4 also deals with the
polyelectrolytic nature of PBTA homopolymer. For PHBTA homopolymers, lyotropic
liquid crystals, structural analogy between PHBTA homopolymers and polyelectroiyte-
surfactant stoichiometeric complexes, and PHBTA's self-assembly in bulk to
cylindrical morphology are covered. Chapter 5 covers the synthesis of diblock
copolymers and tetra-arm star copolymer containing [RuCterpy)?]"^ metal complex with
and without Ci6-alkyl group namely P(S-b-HBTA), P(S-b-BTA), P(S-b-HBTA)4
respectively. The chapter also covers the lyotropic liquid crystals and the hierarchical
self-assembly of these polymers in the bulk. Finally chapter 6 deals with the various
design, synthesis and characterization of all the compounds and polymers presented in
this dissertation along with their properties. Chapter 6 also includes various
characterization techniques and sample preparation methods used to characterize the
polymers studied.
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CHAPTER 2
DIRECT APPROACH TO THE SYNTHESIS OF TERPYRIDINE CONTAINING
POLYMERS IN THE SIDE CHAIN
2.1 Introduction
Self-assembly is a powerful tool to generate multifunctional materials.
Supramolecular polymeric structures with well defined architecture are of growing
interest for various applications.' Self-assembly uses a variety of strategies to direct
molecules including hydrogen and metal bonds, tt-ttand donor-acceptor associations,
electrostatics, hydrophilic-hydrophobic, and van der Waals forces.' Metal ligand
interactions are a nice choice since these are strong enough to allow robust assembly and
cause the appearance of new properties characteristic of the metal complex (e.g., metal-
to-ligand or ligand-to metal charge-transfer bands) leading to luminescence, magnetism,
and thermochromism while, at the same time, weak enough to allow the manifestation of
intrinsic properties related to the metal and ligands (e.g.. ligand-centered and metal-
centered absolution bands and redox waves).' In addition, the complexes have well
controlled geometry and stoichiometry which are defined by the choice of ligand and
metal ion.
As discussed in the introduction, previous work on supramolecular polymers ha\ e
used metal-ligand interactions to guide the process. Pyridine-based metal ligands
including bipyridine (bipy) and terpyridine (terpy) have been used by a few groups to
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design and synthesize polymeric structures with different architectures.'*'^ Polyoxazolines
were prepared containing bipy with thennal reversibihty. " Employing both the
convergent and divergent approach, Fraser reported several systems based on bipy cores
including star shape polymers.""''^ Schubert reported structures based on a single terpy
ligand at the chain end by polymerization from a terpy functionalized alkoxyamine
initiator."*^'"^ Both Schubert and our lab reported methylmethacrylate (MMA) polymers
containing terpy in the side chain. ""^ "'^ These were the first reports in recent years that
placed terpy in the side chain. We showed the solution viscosity of these polymers
changed upon addition of copper (11) ions."' Our early effort to prepare these materials
was focused on incorporated metal ligand, terpy, in the polymer side chain in a controlled
manner. For macromolecules containing terpy in the side chain, the ability to localize the
metal ligand to one segment would provide block copolymer architectures for use in
supramolecular polymer science. Up to the time ofmy work, no control over polymer
architecture had been achieved for polymers containing metal ligand in the side chain, hi
this chapter, we will show that the direct approach can be used to synthesis random,
block-random, and diblock copolymer architectures containing terpy in the side chain
using living controlled radical polymerization (CRP). Employing the direct approach has
the advantages of starting with the terpy containing monomer which could be easily
polymerized into different architectures, but the polymers produced are hard to
characterize independent of the type of architecture if the terpy mole % incorporated is
high. The direct approach utilizes terpy containing monomer and polymerizes with other
monomers or with macro-initiator to generate different polymer architectures. The
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systems are based on vinylbenzamide functionalized terpy monomer, styrene and MMA
monomers to create polymers with naiTOw polydispersity indices.
CRP including atom transfer radical polymerization (ATRP). nitroxide mediated
radical polymerization (NMP), and reversible addition-fragmentation chain transfer
polymerization (RAFT) are valuable techniques to control polymer architecture and are
tolerant to a broad range of functionalities."^"^' The three CRP techniques were studied to
synthesis structures containing terpy ligands in the side chain with w^ell defined
architectures including control over molecular weight (MW), molecular weight
distribution (MWD), and mol % incoiporation of the terpy ligands along the polymer
backbone. Both NMP and RAFT techniques were successful in preparing copolymers;
however, to date ATRP has been unsuccessful, most likely due to the large molar ratio of
terpy in the reaction.
2.2 Random Copolymer Architecture
Table 2. 1 summarizes the polymers reported here and their synthesis is shown in
Figure 2.1. The key styrene based monomer (Sty,e,py, 7) is shown and was synthesized
from 5-([2,2';6',2"]-Terpyridin-4'-yloxy)-pentylamine-\ 3, by HOBT/DCC coupling m
high yield (80%) and purity. Random copolymer 15 was synthesized using the
alkoxyamine initiator AAI, which is known to allow controlled polymerization of
functionalized styrene monomers. The GPC trace of polymer 15 shows a molecular
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weight (MW) of 32.2 kDa at 66% conversion (see Figure 2.2), which may be increased by
changing the monomer/initiator ratio.
Table 2.1. Molecular weight characteristics of copolymers synthesized by NMP and
RAFT.
Architecture Mn (kDa) Mw (kDa) PDI mol % terpy
P(Sty-ran-Styterp.v), 15 32.2 42.9 1.30 10
P(Sty-b-(Sty-ran-St> te, py). 1
6
67.2 93.1 1.40 7.5
P(MMA-b-(MMA-ran-Styterpy)), 17 37.3 45.4 1.22 2.5
P(Sty-b-St}terpv), 18 27
38
Figure 2.1. General scheme for the synthesis of monomer 7. NMP and RAFT
copolymerization of 15, 16, and 17.
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Figure 2.2. GPC trace of P(Sty-ran-Styteipy). 15. synthesized via NMP in THF as mobile
phase.
Based on elemental analysis of 15, there is 10 mol% terpyridine consistent with
the ^H-NMR integration. From the initial comonomer feed ratio (9:1 styrene:Styterpy) and
the 1 0 mol% terpy content found in this copolymer at 66% conversion, we conclude that
the Sty,erpy monomer prefers to add to the growing chain slightly faster than styrene. This
would explain the tendency of Styterpy, 7, to be incorporated faster than styrene in the
copolymer; however, until detailed kinetic experiments are perfonned to provide
quantitative values for reactivity ratios, further conclusions can not be drawn.
2.3 Block-Random Architecture via NMP and RAFT
Following successful synthesis of the random copolymer 15, we turned our
attention to block architectures. Copolymer, 16, was synthesized using the polystyrene
macroinitiator, styrene (90 mol %). and Styterpy (10 mol %) at 125 °C according to Figure
2.3. The efficiency of the polystyi'ene macroimtiator to reinitiate monomer is evidenced
from the overlaid GPC chromatograms in Figure 2.3 which shows both the macroinitiator
40
and copolymer.'^'^' The presence of the terpy causes broadening of the peak, which is
consistent with previous reports on pyridine containing polymers/"* The high mol %
incorporation of terpy obtained at 56 % conversion is consistent with obser\^ations from
the synthesis of 15 in which 7 appears to add to the growing chain in preference to
styrene. These resuhs show NMP allows block architectures, based on styrene, to be
prepared in which the terpy unit is confined to one segment.
12 13 14 15 16 17 18 19 20 21
Retention Time, min
Figure 2.3. Overlaid GPC trace of polystyi-ene macro-initiator end capped with the
alkoxyamine, and P(Sty-b-(Sty-ran-St}'terpy)), 16, synthesized via NMP in THF as
mobile phase.
The synthesis of block-random MMA structures was undertaken to complement
our initial report on random terpy containing MMA polymers.""^ However. NMP is not the
best choice for MMA synthesis and so we explored RAFT polymerization.'' Polymer 17
was successfully prepared using a MMA macro-chain transfer agent. AIBN, MMA (90
mol %) and. Stytcpy ( 1 0 mol%). in benzene at 60 °C as shown in Figure 2.1. Figure 2.4
shows the overlaid GPC traces for PMMA macro-chain transfer agent and copolNmer. 17.
The total mol % incorporation of terpy is 2.5 mol % based on elemental analysis of the
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nitrogen content and 'H-NMR at 95% conversion. This indicates monomer 7 has a lower
tendency to be incorporated than MMA in the copolymer under the RAFT conditions.
The GPC trace shows little broadening in the peak, most likely due to the decreased mol
% incorporation of terpy compared to 16.
PMMA Macro-chain transfer agent
i
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Figure 2.4. Overlaid GPC trace of a.co-(thiobenzoyl thio) polymethylmethacrylate
macro-chain transfer agent, and P(MMA-b-(MMA-ran-Styterpy)), 17, synthesized via
RAFT in THF as mobile phase.
2.4 Block-Block Copolymer Architecture.
These block-random architectures were enabled by the CRP technique; however,
the ability to synthesize traditional diblock copolymers remained attractive because of
their remarkable microphase separation properties which promote ordering of the two
dissimilar blocks into different morphologies. The incorporation of terpy in one of these
blocks is very tempting since the terpy block can be functionalized with various metal
ions to gain additional functionality. In this case, the alkoxyamine end functionalized
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polystyrene macroinitiator was used to grow a second block of Sty,erpy in diglyme at 125
°C in the presence of a catalytic amount of acetic anhydride as shown in Figure 2.5."
Figure 2.5. Synthesis of P(Sty-b-Styterpy). 18. via NMP
Based on elemental analysis of the nitrogen content, the mol% of Styteipy is 27.
Along with the NMR spectrum shown in Figure 2.6, there is good evidence showing
polymerization of the second block. However, neither of these two tecliniques confinns
covalent connectivity between the two blocks. SEC of this polymer containing such a
high terpy percentage proved impossible with the conditions available to us due to the
high adsorption affinity of the terpy ligand to the SEC column stationaiy phase which in
led in some cases to clogging the column and losing its functionality. This includes the
solvent eluents THE, DMF, and CHCI3. However, these chromatograms did confirm the
absence of the polystyrene macroinitiator suggesting diblock copolymer fonnation. All
attempts to remove the teipy function including treating the polymer with refiu.xing
methanol/NaOH and transamidation with benzylamine in the presence of Sc(OTf)3 and
toluene at 90 ^'C failed.
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In an effort to confirm diblock copolymer formation, we utilized optical
microscopy techniques. The material was spun onto a silicon wafer, annealed for 3 days
at 1 70 °C under nitrogen and examined, hispection of the film showed a clear material
suggesting the absence of macrophase separation that would be expected if two
immiscible homopolymers were present.
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Figure 2.6. ^H-NMR spectrum of the aromatic region of P(Sty-b-Styterpy) block
copolymer showing the terpy protons.
As shown in Figure 2.7, the optical birefringent micrograph of the diblock at the
film edge shows discrete color changes which are consistent with microphase separated
domains. This technique has been used as a first approximation for microphase separated
copolymers in which the difference in refractive indices for each domain generates
refraction and the observable color changes.
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Figure 2.7. Optical micrograph of annealed diblock film on oxidized surface of Silicon
wafer.
UV-vis spectroscopy in CHCI3 confirms incorporation of terpy in all three
polymer samples. Figure 2.8 shows the UV-vis spectrum of Styteipy monomer, 7. wliich
has two distinct transitions at 277 nm and 244 nm. The spectra of 15, 16, and 18 were
normalized to 5 showing similar peak intensity expected for these polymers since they
contain both styrene and terpy functions. In contrast, the spectrum of 17 is not nomialized
since there is much less absorption at 244 nm due to the absence of styrene in the
backbone and the low mol % terpy incorporation; however, the spectrum confirms teipy
incorporation.
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Figure 2.8. UV-vis spectra of copolymers 15, 16, 17, 18 and monomer, 7 in chloroform
containing 1% ethanol.
2.5 Conclusion
CRP techniques including NMP and RAFT have been successfully employed to
synthesize terpy containing monomers directly. Based on a vinylbenzamide
functionalized terpy monomer in combination of styrene and MMA, copolymers of
random, block-random, and diblock copolymers architectures were prepared with terpy in
the side chain. These methods offered control over MW. MWD. and mol percentage of
the teipy containing monomer. CRP techniques allowed the synthesis of block
copolymers with terpy functions confined to one block which represents a new-
architecture for supramolecular polymers containing pyridine ligands. The successful
syntheses of these block copolymers will facilitate the study of novel supramolecular
46
polymers with interesting assembly properties. Although we have used the direct
approach to obtain a series of different polymer architectures functionalize with terpy in
the side chain, the approach is not the optimum choice to synthesize diblock copolymers
or other sophisticated architectures. The approach suffers limitation in terms of the
amount of terpy incorporated in the side chain mainly because of the difficulty to
characterize the polymers using SEC due to the high adsorption affinity of the terpy
ligand to the SEC column packing materials. The approach is though a good choice to
obtain random or block-random copolymers containing up to 10 mol% terpy with a
variety of commoners. In the next chapter we will discuss the indirect approach to bypass
having terpy in the side chain in order to be able to characterize and control the polymer's
backbone.
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CHAPTER 3
ASSEMBLY AND LUMINESCENCE PROPERTIES OF COPOLYMERS
CONTAINING [Ir(terpy)2l^^
3.1 Introduction
Transition metal ions have high affinity to assemble organic ligands in a precise
location around their coordination spheres to fonn metal complexes with specific optical,
magnetic, and geometrical properties.^ Such int -nolecular interactions could be used to
build supramolecular structures with increased properties beyond those traditionally
found in organic materials. Supramolecular structures have two unique features; the first
is the spatial aiTangement of the architectural components, which gives the structure
flexibility over covalent structures to adapt forms corresponding to stable thermodynamic
conformations. The second important property is the nature of the intermolecular
interactions that hold the supramolecular components together." Supramolecular
structures built using metal ligand complexation are of growing interest.^"' Combining
the properties of metal complexes and polymeric materials leads to the formation of
supramolecular polymeric materials. These materials combine the properties of polymers
and the metal complex to form new systems which potentially have self-assembling
properties in the bulk and in solution that can be tailored to a wide variety of applications
such as optical sensors, emissive labeling tags for biomacromolecules. building
multicomponent molecular systems for studying photoinduced charge separation
processes, and organic light emitting devices. '^"'^
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Metal complexes containing polymers in the side chain have been studied by few
groups compared to those containing metal complexes in the main chain. '^"'^ Our effort
in the field resulted in the development of different synthetic strategies (direct and
indirect) in order to control the polymers' molecular weight (MW), molecular weight
distribution (PDI), composition, and architecture." '^''^^ These molecular features are cmcial
in determining the properties of the assembled supramolecular polymers. In chapter 2, w^e
have discussed the direct method to successfully synthesize random, block-random, and
diblock copolymers containing terpy in the side chain using NMP and RAFT
polymerization techniques. Although we have had control over the overall polymer MW
and PDI, the direct method has a number of drawbacks. These drawbacks include the
inability to characterize polymers containing high mol % terpy using size exclusion
chromatography (SEC) in wiiich 10 mol % is the maximum we were able to probe. A
diblock copolymer with 27 mol% terpy could not be examined using GPC due to the high
affinity of the terpy ligand to adsorb to the GPC column packing materials. This is clearly
observed in the tailing and broadening of the GPC traces for the random and block-
random polymers. The unknown reactivity ratio values for the Styterp>. styrene, and MMA
monomer pairs created an additional difficulty in controlling the ratio of teipy
incorporated in the final polymers at different conversions. Extending the polymer
architectures to traditional diblocks proved to be an even greater challenge since w e could
not characterize the polymer with 27 mol % terpy implying that even more complicated
architectures like triblock and star polymers would be impossible.
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As a result, a new synthetic strategy, the indirect approach, was developed in
which the pol}Tner is synthesized using atom transfer radical polymerization (ATRP) of
common monomers followed by post functionalization to incorporate terpy ligands. This
method enables the synthesis and characterization (MW. PDI. and composition) of the
polymer backbone through standard techniques before including the terpy
functionality/^*^""^'
hi this chapter we focus on employing the indirect method to synthesize and
characterize different polymer architectures including homopolymer. diblock, triblock,
and tetra-arm star copolymers based on styrene and tert-butylacrylate polymer blocks. The
polymers will be deprotected, and post functionalized with amine functionalized terpy to
produce the corresponding terpy containmg polymers. The poly(styi'ene-b-(4'-terpy-oxy-
pent)acrylamide), P(S-b-ACterpy). polymer will be used to prepare novel block-random
copolymers containing [Ir( terpy )2]^^ in the side chain of one block via post complexation
with h-( terpy)Cl3 to form the [Ir( terpy):] complex at the polymer side chain. The
[Ir(terpy)2]^^ complex possesses a number of attractive properties: the complex is highly
emissive and the excited states are long-lived, especially for complexes with the terpy
ligand substituted at the 4 '-position (up to 10 [is in CH3CN at room temperature). The
complex and its derivatives are powerful oxidants in their excited state and relatively
good electron acceptors in their ground state, hi addition to the stability of the
[Ir(teipy)2]^^ complex."^ these properties make the [Ir(terpy)2]^^ complex a good
photosensitizer candidate which combined with the ability to synthesize it in an
asymmetric manner with two different terpys has led to a vast array of applications
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including luminescent label for protein,"*^ an anion sensor/"^ and building multicomponent
linear arrays of donor/acceptor systems in photoinduced charge separation processes/'"'*'^
As a result of these properties and the charged nature of the complex, we explored the
incorporation of [Irlterpy):]''^ complexes into a block copolymer architecture.
3.2 Design and Synthetic Strategy
Designing a strategy for the synthesis of well controlled polymers containing
metal complexes in the side chain was one of our top priorities. Our initial attempts were
directed toward copolymerizing terpy containing monomers along with other
3 8
comonomers as polymer precursors for post functionalization with metal ions. This
strategy, as discussed previously in chapter 2, resulted in the synthesis of high MW
polymers with narrow PDl, but with little control over polymer architecture or the
incorporation of the terpy monomers. The maximum terpy incorporation was 10
mol%.^^ This incorporation was limited by the ability to characterize the resulting
macromolecules, not a fundamental problem with the polymerization of the terpy
containing monomer. As a result, new synthetic strategies have been explored in order to
overcome these problems and to extend our studies to different polymer architectures
with control over their composition. The method described here and is based on the
polymerization of styrene and tert-butylacrylate monomers using ATRP to forni P(S-b-
tBA) diblock copolymers with control over their architectures, composition. MW. and
pj-jj 50.51 pQiiQY^ing block copolymer synthesis, the tBA groups are deprotected generating
polyaciylic acid and these carboxylic acid groups are then con\ erted to amides co\ alentl\
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connecting terpy to the polymer. The cmcial steps in this synthetic approach is high
conversion of both the deprotection and post functionalization steps in order to obtain
well defined copolymers with known composition. This method is outlined in Figure 3.1
.
5
yield = 33%
Figure 3.1. Scheme for a representative example for the synthesis of diblock copolymer
5.
The synthesis started with the polymerization of a short polystyrene macroinitiator
with MW 2.0 kDa and PDI of 1 . 14. This PS macroinitiator is then used to initiate the
second block of tBA fonning a diblock copolymer with very high cross initiation (99%)
efficiency resulting in a polymer with MW of 1 7.6 kDa and PDI of 1 .07. Using the same
strategy, other polymer's architectures were synthesized. These polymers include
homopolymer. triblock copolymer, and tetra-arm star copolymers. Polymers are shown in
Figure 3.2. These different architectures could be obtained by choosing different
initiators, for P(ACterpy) homopolymer 2-bromomethylpropionate was used to prepare
poly(tert-butylacrylate) which is the precursor for P(ACterpy). For P(ACterpy-b-S-b-
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ACterpy) triblock copolymer, dimethyl, 2,6-dibromoheptane dioate (DMDBHD), a
difunctional initiator is used to prepare Br-PS-Br difunctional polystyrene macro-initiator
which is extended by cross polymerization with tBA monomer to prepare P(tBA-b-S-b-
tBA), the polymer precursor to the teipy containing triblock copolymer. The star
copolymer is prepared by choosing a tetra-arm pentaerythroitol tetra(2-bromo-2-
methylpropionate) initiating core to prepare PSBr4 tetra-arm polystyrene macro-initiator.
The ATRP conditions for preparing PSBr4 star polymer are different from those used in
preparing PS-Br. and Br-PS-Br polymers. While CuBr/PMDETA catalyst system is used
to prepare the PS macro-initiator and difunctional macro-initiator, this catalyst could not
be used to prepare the PSBr4 star pol>Tner since the chain termination and coupling
reactions were obser\^ed in the GPC traces and attributed to the highly active nature of the
catalyst. This contributes to shifting the dynamic equilibrium between the dormant and
the active growing chain towards a relatively large number of radicals leading to chain
termination and chain-chain coupling reactions. The solution to this problem is a less
active CuBr/bpy catalyst system. The use of this catalyst has led to a dramatic reduction
in the termination and coupling side reactions so that they are no longer in the GPC
traces. The PSBr4 macro-initiator was extended with polymerization to prepare the star
polymer precursor P(S-b-tBA)4.
Figure 3.3 shows the chromatograms for the P(tBA), and the overlaid
chromatograms for PS macroinitiator. P(S-b-tBA) diblock copolymer, Br-PS-Br. P(tBA-
b-S-b-tBA) triblock as well as for PSBr4 and P(S-b-tBA)4 star polymer precursors.
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Triblock copolymer
Figure 3.2. Polymers synthesized via the indirect approach including P(ACterpy)
homopolymer, P(S-b-ACterpy) diblock, P(ACterp.v-b-S-b-ACterp\) triblock, and P(S-
ACterpy)4 tetra-ami star copolymers.
56
1 1
-I
Relenlion Time (min) Retention Time (mm.)
14 16 18 20
Retention Time (mm.)
(c) (d)
Figure 3.3. Overlaid GPC chromatogram of different polymers" architectures based on
PS and P(tBA) block including a) P(tBA) homopolymer, b) PS-macroinitiator. and P(S-
b-tBA), c) Br-PS-Br and P(tBA-b-S-b-tBA) triblock and d) PSBrj and P(S-b-tBA)4 star
polymer using THF as eluent.
As the GPC chromatogram in Figure 3.3d shows, the star copolymer was
confinned by hydrolyzing the ester core, librating the PS linear amis w hich were also
characterized by GPC. The star polymers GPC data shows that the polymer's molecular
weight is underestimated by GPC since it is calibrated against PS linear polymer standard.
This is due to the fact that the star polymer has a smaller hydrodynamic size compared to
linear polystyrene of comparable molecular weight.
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For all the synthesized polymer architectures precusors containing P(tBA) blocks,
the tert-butylacrylate block was deprotected using TFA in DCM solution to produce
poly(acr>iic acid) block quantitatively. The deprotection efficacy was monitored by 'H-
NMR and FT-IR. The chemical shift of the tBA group at 1 .5 ppm disappeared completely
after the deprotection step. Because the tBA proton signal overlaps with the polymer
backbone protons in this region of the 'H-NMR spectra, FT-IR shown in Figure 3.4 for
the diblock copolymer was also used to monitor conversion. Specifically, the carbonyl
band (CO) vibrational frequencies were very sensitive to these synthetic conversions and
appeared in a region of the spectra which were well isolated. FT-IR revealed that the tBA
carbonyl group at v- 1729 cm"' completely shifts to v= 1715 cm"' after deprotection to
polyacrylic acid and becomes broader. Although these two bands have some overlap due
to the broadening of the carboxyiic acid functionality, further conversion to the amide
shifts the peak so that the region at r= 1729 cm"' is clearly observed. There is no residual
signal from the t-butyl ester carbonyl. Amide bond formation was monitored via FT-IR
carbonyl vibrational frequencies and showed that the carbonyl band shifts from v= 1715
cm"', for the acid functional group, to v= 1650 cm"' for the new amide carbonyl. The
spectrum also reveals the absence of carbonyl functionality from both the tBA and aciylic
acid groups (see Figure 3.4). The N-H bond is characterized by three sets of vibrational
bands, the NH-bending that appears at i/= 1584 cm"' and 1565 cm"' as well as the NH-
rocking which appears at v= 700-800 cm"'. The third band is the NH-stretching which
appears at v= 3000-3500 cm ' and is present but not shown here.'""^"* Initially the amine
coupling reaction was performed at high mole equivalent (2:1, NH2 : COOH) to ensure
that the reaction proceeded to completion, but it was found that a lower mole equivalent
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(1.5-1.2: 1, NH2 : COOH) was sufficient to produce approximately 99% conversion and
to generate P(ACterpy), P(S-b-ACterpy), P(ACterpv-b-S-b-AC,erpy), and P(S-b-AC,erpy)4
1 48.49
copolymers.
Figure 3.4. FT-IR overlaid spectra of a) P(S-b-tBA), b) P(S-b-AA). and c) P(S-b-
ACteipy) diblock copolymers.
For the most complicated star architecture, the reactions were monitored using
both 'H-NMR (Figure 3.5) and FT-IR (Figure 3.6) techniques to further monitor the
efficiency of the chemistry. The stacked 'H-NMR data in Figure 3.5 shows disappear of
the tBA protons after treating P(S-b-tBA)4 with trifluoroacetic acid.
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Figure 3.5. Stacked 'H-NMR spectra for PS4, P(S-b-tBA)4, P(S-b-AA)4, and P(S-b-
ACterpy) copolymers.
Figure 3.6 shows the FT-IR data for the star copolymer after each synthetic step; it
is clearly shown that the carbonyl vibrational frequencies shifts from v= 1 729 cm"' for
the tBA ester to v= 1715 cm"' after the deprotection as well as of the conversion to
poly(acrylic acid) to amides at v= 1650 cm"'. These data combined with ' H-NMR data
demonstrate the efficiency of deprotection and post-functionalization steps in the indirect
method. Table 3.1 shows different polymers synthesized via the indirect approach along
with MW, DP. PDI and weight fraction of PS block.
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Figure 3.6. Overlaid FT-IR spectra for P(S-b-tBA)4, P(S-b-AA)4, and P(S-b-AC,erpy)
copolymers.
Table 3.1. Molecular weight characteristics of different polymers synthesized via the
indirect approach.
Polymer Mn'xlO' DP PDI^ /^s wt %
P(ACterpv) 67.2 173 1.07
P(S-b-ACte.py) 81.2 PS= 193 1.12 25
PAQen,v=157
P(ACterpx -b-S-b-AC,erp>
)
69.7 PS = 146 1.11 22
PACterpv^ 140
P(S-b-ACte.py)4 163.7 PS = 172 /arm 1.23 44
PACterpv "* 59
^ Mn and/ps values are calculated using monomer Mw and of P(tBA) containing
polymers from GPC measurements and 'H-NMR.
DP and PDI are based on the P(tBA) containing protected polyiner precursor. Neither
deprotection nor coupling affects the carbon backbone of the polymer.
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3.3 Introduction of the Metal Complex in the Side Chain of the Polymer
Having the terpyridine grafted off the polymer side chain enables conditions in
which the terpy could be post functionalize to fonn metal complexes off the side chain.
This technique to post functionalization terpy requires the synthesis of mono-terpy metal
ion complexes in advance followed by reaction with the teipy in the side chain to forni
bisteipy metal ion complex. Following this method of introducing the metal complex into
the polymer side chain, a metal ion has to be carefully chosen so that a stable monoterpy
complex. A number of metal ions fulfill this condition including M = Ru{II), Rh(II).
Os(II) and Ir(III). They all to form a stable [M^"(terpy)Xn] mono-terpy. We chose Ir(III)
for its room temperature and long life time luminescence properties.
Flamigni reported the synthesis of the [htterpy):]''^ complex and its derivatives
through a stepwise method which allow^s the synthesis of asymmetric complexes due to
their stable nature and slow rate of dissociation."^*" Following the same methodology, the
[IrCterpy):]'"^ complex was incorporated into the P(S-b-ACterpy) diblock copolymer
backbone as shown in Figure 3.7 to give copolymer 6. Having the terpy grafted off the
polymer backbone allows for the Ir(terpy)Cl3 monocomplex to be connected, attaching
the Ir(III) center to the macromolecular structure.
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6
Block-Random copolymer
Conversion = 67%
Figure 3.7. Scheme for the synthesis of Block-random copolymer 6.
hi order to have a close model compound for comparison to copolymer 6. we
synthesized complex 9. This complex was synthesized as shown in Figure 3.8 starting
with terpy and IrCls. h required heating in ethylene glycol at 160 "^C in complete darkness
but still only produced the Ir(terpy)Cl3 monocomplex in 38 % yield. Fomiation of the bis
complex required even higher temperature to overcome the inert nature of the Ir(III)
center. Despite the low yield, model complex 9 was obtained in sufficient quantity to be
studied.
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Figure 3.8. Scheme for the synthesis of model complex 9.
Figure 3.9 shows the stacked ^H-NMR spectra of the aromatic region for
monocomplex 7, the amine functionalized terpy 4. model complex 9 and copolymer 6.
Due to the fact that formation of the [Ir{terpy)2] '^ com; x does not proceed in high yield,
the amide segment of copolymer 6 is really a random copolymer containing free terpy and
[Ir(terpy)2]^^ in the side chain. The complexation efficacy was calculated to be 35% from
the UV-Vis absorbance data comparing copolymer 6 to the model complex 9, although
'H-NMR suggested the conversion w^as closer to 50%. Model complex 9, acting like a
standard across a range of concentrations, provided a linear relation between absorbance
and concentration generating a calibration plot. From this calibration cur^'e, the
concentration and hence the amount of the [Ir(terpy):] complex in copolymer 6 was
detennined to be 35%. This assumes the absoiption coefficient is unchanged by
incorporation into the polymer side chain. This may not be correct since there are small
changes obser\^ed in the UV-vis spectrum at 282, 317, and 410 nm. However, this poor
efficacy observed in the polymer modification chemistry is in agi^eement with the low
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yields reported in the literature and encountered in the synthesis of model complex 9.
Here we report the procedure used to prepare these materials; however, due to the poor
yields of the metal complex reactions we have since explored alternative routes. Of these
alternatives, metal complexation to fomi asymmetric bisterpy complexes with 4 and terpy
followed by attachment of this asymmetric metal complex to the polymer using the high
yielding amide bond fonning chemistry described in Figure 3.1 is preferred.
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Figure 3.9. Stacked 'H-NMR spectra of the aromatic region of hXteipy)Cl3 monocomplex
7, compound 4, model complex 9, copolymer 6 in DMS0-d6, and copolymer 5 in CD3CI.
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3.4 Optical Properties
We investigated the impact of attaching the metal complex to the polymer
backbone by absorption and emission spectroscopy. As shown in Figure 3.10, the two
spectra share similar profiles in terms of the absorption peaks w ith the larger differences
observed at higher wavelength. The molar absorptivity data of the [Ir(terpy)2]"'^ complex
were calculated for both copolymer 6 and model complex 9 and are listed in Table 3.2.
The molar absorptivity for the complex in copolymer 6 and the model compound 9 have
close values which leads to the conclusion that the polymer has little effect on the
absorption characteristics of the complex. Here, there is one new band at 410 nm
observed in the absorption spectra of the copolymer 6.
400 450 400 450
Wavelength (nm) Wavelength (nm)
(a) (b)
Figure 3.10. Uv-Vis absorption spectra of (a) copolymer 6 (solid line) and the
corresponding Ir(IIl) model complex 9 (broken line) in acetonitrile and (b) copolymer 5 in
chloroform at room temperature.
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Table 3.2. Molar Absorptivity data for complex 9 and copolymer 6.
e(M"' cm"'xlO"^)
Compound ^m^x = 250 nm = 282 nm \ms = 317 nm /.„„^ = 353 nm ''^ma\ = 410 nm
Complex 9 5.53 5.19 3.07 0.99
Copolymer 6 5.52 5.07 2.81 0.80 0.57
8 miits is reported per mole of the monomer containing [Ir(terpy)2]"'^ complex.
A comparison of the luminescence characteristics between the copolymer 6 and
the model complex 9 shows even greater differences than the absorbance spectra. Figure
3.11a shows room-temperature luminescence spectra for acetonitrile solutions in which
the excitation wavelength was Asx = 350 nm. While the model complex 9 shows three
distinct emission bands at 458, 492, and 513 nm, the copolymer shows a veiy small band
at 461 nm with the dominant emission shifted to 517 nm. This shifting of emission to the
lowest energy band at 5 1 7 nm suggests that the complexes in the copolymer are organized
in a different manner compared to the freely soluble small molecule model complex 9.
Instead of the three major emission energy levels observed in 9, the copolymer is
dominated by the lowest energy band. This is not necessarily surprising since the density
of the complexes is increased by attaching them to the polymer backbone. In addition, the
broad structureless profile of the 517 nm band is consistent with aggregated or coupling
type, emission. This is further supported by the new band at 410 nm observed in the
absorption spectra of 6. Figure 3.11b shows the phosphorescence of copolymer 6 and
model complex 9 in DMF which share similar profiles with the acetonitrile solutions in
which the copolymer has broad structureless emission centered at 564 nm. The model
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complex 9 has two emissions at 466 nm and 500 nm plus a broad band at 545 nm. The
two spectra in acetonitrile and DMF share the common feature in which the copolymer 6
emission is broader and shifted to lower energy emission than that of the model complex
9 in the same solvent at comparable chromophers concentrations. The comparison
between acetonitrile and DMF is important to understand the origin of the emission shift,
since we will show that the block copolymer is aggregated in acetonitrile but not in DMF.
Therefore, the change in absorption and emission is from covalent attachment of
[Ir(terpy)2]^* complex to the polymer backbone and not from the aggregation of
macromolecular chains since it is obsei-ved in both acetonitrile and DMF.
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Figure 3.11. Overlaid phosphorescence spectra of (a) copolymer 6 (solid line) and
[Ir(terpy)2] model complex 9 {broken line) in acetonitrile and (b) copolymer 6 (solid
line) and model complex 9 (broken line) in DMF at room temperature, /lex = 350 nm.
The notion that the model complex is also aggregated in DMF was investigated by
recording the emission spectra in DMF at different concentrations. Figure 3.12 shows the
emission spectra of 9 in DMF at different concentrations.
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Figure 3.12. Overlaid emission spectra of model complex 9 in DMF at different
concentrations at room temperature A^x^ 350 nm.
The lowest energy band is assigned to excimer type emission. It was somewhat
surprising to see this even in the model complex; however, as Figure 3.12 shows, it does
appear that 9 aggregates even in DMF. At the highest concentration, the main emission is
broad and centered at 583 nm. Upon dilution, two higher energy and stmctured emission
bands are observed consistent with less aggregation. At all concentrations, the model
complex shows some broad excimer type formation.
Terpy containing complexes such as [Pt(terpy)Cl]Cl and [Pt-(Ph-teipy)Cl]Cl are
known to show luminescence at low energy in concentrated solution due to association
and the formation of excimer species originating from ;r-;r stacking between polypyridine
ligands. It has been proposed that ;r-;r stacking would take ad\'antage of the reduced
electronic density on the aromatic frameworks upon metal complexation."^"^ Such reduced
electronic density on the terpy rings is supported by the chemical shifts to low field of
terpy protons in the 'H-NMR spectrum of the complexed terpy. Although the
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[Ir(terpy)2] ^ complex has slightly distorted octahedral geometry which might not be the
perfect geometry for stacking, it appears that the polymer backbone plays a major role in
populating the excited intra-ligand (' LL) ground state complex associated for excimer
formation.
3.5 Dynamic Light Scattering Studies
Djmamic light scattering was used to investigate the solution state self-assembly
of the block copolymer. The experiments were conducted using solvents of increasing
dielectric constant since the metal complex should have some ionic nature."' The solution
concentration was held constant (3.0 mg/mL) and hydrod>'namic radius was measured at
room temperature with a scattering angle of 45". The solvents used included acetone,
acetonitrile, and DMSO which are bad solvents for the PS block and DMF which
dissolves both blocks. A typical example of the monomodal distributions that were
obtained is shown in figure 3.13a. Figure 3.13b is a plot of aggregate size, in terms of the
hydrodynamic radius, as a function of solvent dielectric constant and shows the
relationship between the solvent quality and aggregate size. As the solvent dielectric
constant increases, the aggregate size decreases. Starting with acetone, the lowest
dielectric constant solvent, we observe the largest aggregate size of about 45 nm, this
decreases in acetonitrile to about 33 nm and finally to about 28 nm in DMSO. DMF
provides a control since it is a good solvent for the both blocks and shows 7 nm objects
consistent with a single polymer chain as expected. Therefore, the 45-28 nm objects
observed in acetone, MeCN, and DMSO appear to be polymer micelles in which the short
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PS chains aggregate to form a PS core and a charged block containing [Irlterpy):]"
corona.
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Figure 3.13. (a) Copolymer 6 micelle size distribution in acetone, (b) Hydrodynamic
radius (nm) of the micelles vs. solvent dielectric constant, broken line is a guide to the
trend.
The aggregation behavior of copolymer 6 could be explained by the presence of
residual solvent in the PS core. If acetone is a 'better' solvent for PS than DMSO, the
core would swell more in acetone than DMSO. Although it is impossible to completely
rule out this explanation of the data, we feel that the charged nature of the metal complex
in more important to the observed size change. This is based on two primary
observations. First in low dielectric constant solvent (low polarity), copolymer 6
aggregates with high aggregate number as a way to minimize the exposure of PS to the
solvent. This is possible since acetone is a reasonable solvent for the [Ir(terpy);]"'^
containing block. Then as the solvent dielectric constant increases, the metal complex
becomes more ionic in nature leading to charge repulsion in the corona and a decrease in
the aggregation number. This change in aggregation number can occur easily since the PS
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block is small. In copolymer 6, the [Ir(terpy)2]^^ complex acts like a charged species
which dissociates in polar solvents rendering the random block polyelectrolytic in nature.
Finally, the effect of the [Ir(terpy)2]'^^ complex on the properties of copolymer 6 was
studied by probing the DLS properties of copolymer 5. which is identical to copolymer 6
but without the iridium complex. Solutions of copolymer 5 were studied in DCM. DMF
and DMSO since 5 was insoluble in acetone and acetonitrile. DLS shows two different
aggregate populations in all cases; however, the majority (99.9%) of the aggregate
population is centered on 4.5 nm while the minor population has a size range from 32 to
54 nm. This shows clearly that 5, and therefore PS. is soluble enough in DMSO to form
single chains and not soluble in acetone. This shows that the non-metal complex
containing polymer does not have the necessary structural components for assembly into
well-defmed monomodal stmctures obser^'ed for 6. In light of these results, the
[Ir(terpy)2]^'^ complex appears to be a major factor in controlling the micelles size and
therefore the copolymer properties. This effect is manifested in driving the copolymer 6
to be more amphiphilic than 5.
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3.6 Conclusion
Novel block-random copolymers containing 35 % [IrCterpy)?]'^^ complexes in the
side chain of one block were synthesized via functionalization of P(S-b-ACtei py) with
[Ir(terpy)Cl3]. Atttachment of the complex to the copolymer backbone results in small
changes to the absorbance spectra and large shifts in the emission spectra. The copolymer
self-assembles in solution as probed with DLS and shows a dependence on dieleectric
constant. This suggests the aggregation state is predominantly controlled by the ionic
nature of the metal-complex. This report demonstrats the integration of metal complex
functionality within the block copolymer architcture to generate functional rich
supramolecular materials.
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CHAPTER 4
SUPRAMOLECUALR HOMOPOLYMERS CONTAINING IRu(terpy)2]^^ IN THE
SIDE CHAIN
4.6 Introduction
Learning to program molecules for self-assembly remains a significant challenge.'
Despite the great successes discovered over the last two decades, many of the rules for
organizing small molecules are still missing." An even greater challenge is building
macromolecules that contain "supramolecular chemistry functional units" in the side
chains and understanding the manifestation of these functional units on the
macromolecule's self-assembly. Combining the precision of modem organic polymer
chemistry with the rich functionality of metal ions appears to be an extremely fertile area
of research. The incorporation of metal ions into polymeric architectures has resulted in
an array of novel materials."*"'
'
The greatest majority of these structures reported in the literature have the metal
or metal-complex in the main chain or at the chain terminus as mentioned in the
introduction. '"''"^ For example, Fraser prepared linear and star polymers with the metal
complex at the center as well as multiarm star homo and diblock copolymers constructed
with [Fe(bpy)3]^" and [Ru{bpy)3]'' cores. '^'"^ In contrast, we and a few others have
focused on macromolecular architectures in which the metal-complexes are confined to
the side chain. Sleiman has explored homopolymers and block copolyniers based on
oxynorbomenes bearing [Ru(bpy)3]^" complexes as pendant groups via ring opening
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metathesis polymerization (ROMP)"^ while Week prepared diblock and random
copolymers based on norbomenes possessing both palladated pincer complexes and
diaminopyridine moieties (hydrogen-bonding entities)."^""'' We are specifically interested
in macromolecules containing a dense array of metal-complexes along the backbone and
how this influences the overall self-assembling properties of the system.
hiitially. traditional free radical polymerization was used to prepare
supramolecular graft copolymers with functionalized poly(methyl methacrylate)
containing terpyridine (terpy) in the side chain.^^ Our laboratory showed that the addition
of Cu^" ions caused an increase in viscosity due to cross-linking while Schubert and co-
worker attached poly( ethylene glycol) and polylactide graft through [Ru(terpy)2]^"
complexes. "^"^'^"^ Their graft copolymers with PEG side chains formed micelles in water
which were characterized to have high polydispersity in tenns of size distribution. The
large size distribution was attributed to the high polydispersity of both the polymer
backbone and the PEG grafted chains. In order to realize highly ordered materials, better
control over the polymer backbone was desired and we have explored a variety of
synthetic approaches to prepare these macromolecules as discussed in chapter 2 including
the use of atom transfer radical polymerization (ATRP). reversible addition-
fragmentation chain transfer radical polymerization (RAFT), and nitroxide mediated
radical polymerization (NMP)."^^'"^^
While great effort has been spent by many groups to synthesize these novel
macromolecules with metal-ligand at precise locations, in general, studies focused on the
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self-assembly of metal-ligand side chain polymers has been quite limited. Some reports
have described assembly in solution, but ver>' few have examined the solid state order. A
notable exception are the polyelectrolyte, hydrogen bonded, and metal coordination bottle
brush pol>Tners studied by Ikkala and ten Ten Brinke.^'^ '*^^ These materials, which take
advantage of the pyridine ring in the poly(vinyl pyiidine) block, are not side chain
containing metal-ligand polymers per say but use supramolecular interactions to self-
assemble macromolecules into a variety of ordered stmctures including "order-within-
order' in which structures have lamellae-M77/2//?-cylinders or cylinders-vt7Y/7//7-lamelIae
morphology. These materials demonstrated novel properties including lyotropic
mesomoiphic states and a plethora of hierarchically self-assembled morphologies upon
complexation.^'"*^
In this chapter, we explore novel homopolymers bearing terpy metal complexes
on every monomer. We examine their self-assembly into ordered materials in solution
and in the solid state. Using ATRP and post-functionalization to install the [Ru(teipy)2] '
complex, well defined polymers up to 470 kDa with polydispersity of 1.1 were obtained.
When the [RuCterpy):]^" complex contains an alkyl tail, the materials from a lyotropic
liquid crystalline (LC) phase in chlorofomi at only 10 wt % and self assemble with
hexagonal order in the solid state. In an effort to understand the importance of the
molecular components on this self-organizing behavior, other macromolecules were
prepared in which the alkyl chain was removed. These studies demonstrated that it is the
combination of all three components, the macromolecular chain, the [RuCteipy):]^'
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complex and the alkyl chain that collectively are responsible for the observed self-
assembly.
4.6 Synthetic Strategy
Discovering new supramolecular materials constructed from macromolecules
requires that they be built with a high degree of fidelity over their structure and
composition. The indirect approach, which involves post-polymerization attachment of
the metal complex, has proven a much more valuable approach than any direct methods
we have discovered to date."^'^"^"'' We reported an indirect approach based on activated
esters of A^-succinimide methacrylate (OSu)/^'^^ but in this chapter an alternative method
is described based on the post-functionalization of poly(acrylic acid) that uses high
yielding peptide chemistries to avoid the possible hydrolysis of the activated esters. In
this report, amine functionalized [Ru(terpy)2] ' complexes are used to equip the polymer
backbone with these supramolecular functionalities in order to determine their influence
on the self-assembling behavior of the macromolecular backbone.
Figure 4.1 illustrates the synthesis of two different amine functionalized
[Ru(terpy)2] " complexes, 3 and 4, which were covalently attached to the macromolecular
backbone. Complex 3 contains a Ci^-alkyl group while complex 4 lacks such a group.
These two complexes allowed us to detennine the influence of the alkyl group and Ru(II)
complex on supramolecular organization independently. Synthesis involves the fonnation
of the single terpy metal complex [Ru(R-terpy)Cl3], where R is O-C16H33 or H, followed
by complexation with a second amine functionalized terpy molecule, 5. The amine group
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is used for subsequent coupling to the macromolecular bacicbone via peptide chemistry as
outlined in Figure 4.2.
R = -OC16H33 3 yield = 85%
R = H 4 yield = 41%
Figure 4.1. Synthesis of amine functionalized [Rufterpy ):]^" complexes 3 and 4.
Synthesis of the macromolecular backbone starts with the polymerization of
poly(tert-butylacrylate), P(tBA), using ATRP, followed by deprotection of the t-butyl
group to produce polyacrylic acid as shown in scheme 2."*^""^"* The metal complexes, 3 or
4, are reacted with the carboxylic acids on the polymer to give PHBTA and PBTA
homopolymers. respectively. This strategy allows us to synthesize the polymer backbone.
P(tBA), and characterize it using standard GPC and NMR methods, followed by
deprotection and introduction of the amine functionalized ruthenium complex through
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standard peptide chemistry, which is known for its very high yield. The design of
PHBTA homopolymers includes three different elements, which are crucial in
understanding the polymer's self-assembly properties. These elements include a long
alkyl Ci6-chain representing a source of hydrophobic interactions and a region suitable for
crystallization, an acrylamide polymer backbone which is hydrophilic in nature and the
[Ru(terpy)2]*" complex with two positive charges which contributes an ionic character to
the polymer. As will be described, all three of these distinct components appear to be
important for the observed self-assembly of the polymers.
o
6
PHBTA. R =
-OCi(,H33 yield = 94.3%
PBTA. R = H yield = 53%
Figure 4.2. General scheme for the synthesis of PHBTA and PBTA homopolymers
containing [Rufterpy):]^' complexes.
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4.6 FT-IR Analysis
The largest single concern of the post-functionalization approach is the extent of
reaction on the polymer backbone. Carefully examining the 'H-NMR and IR spectra
confirmed the ester deprotection and amide bond formation proceeds in very high yield.
Based on the characterization of the P(tBA) pre-polymer and conversion to the metal-
complexes. Table 4. 1 provides the molecular weight, degree of polymerization ( DP ) and
polydispersity index (PDI) for the three polymers containing metal-complexes in their
side chains that are investigated in this paper.
Table 4.1. Molecular weight characterization ofPHBTA and PBTA homopolymers.
Polymer mTxTo^ PDI^
PHBTA-1 470.0 375 \A2
PHBTA-2 72.7 58 1.11
PBTA 58.7 375 1.12
' Mn values are calculated using monomer Mw and DP of P(tBA) from GPC
measurements. 'dp and PDI are based on the P(tBA) protected polymer Mn by THF GPC
vs. PMMA linear standards and 'H-NMR data. Neither deprotection nor coupling affects
the carbon backbone of the polymer.
FT-IR is a valuable technique to monitor post-functionalization. especially in this
case due to the changes which occur in the carbonyl functionality. Figure 4.3 shows the
carbonyl region as the t-butyl esters are converted to carboxylic acids and as these
carboxylic acids are converted to amides upon attachment of the metal-complex. In
Figure 4.3a, the carbonyl stretching vibration corresponding to the t-butyl ester on P(tBA)
is shown at v= 1728 cm"'. After treating P(tBA) with TFA, the product's carbonyl
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stretch shifted to lower wavenumbers at v= 1708 cm''. This lower wavenumber vibration
appears in the region for polyacryhc acid standards and is consistent with the conversion
of the t-butyl ester to carboxylic acids. Although the carbonyl band for polyacrylic acid is
broad and does not shift completely away from 1728 cm"', 'H-NMR spectra shows the
complete disappearance of the signals con^esponding to t-butyl protons. Moreover, further
conversion of the sample by incorporating the metal complexes shifts the carbonyl
stretching vibration to even lower wavenumbers at v= 1616 cm"'. This new shift, which
is consistent with amide bond formation, moves the vibrational signal far enough that
there is essentially no overlap with v= 1 728 cm"' enabling the region that originally
corresponded to the t-butyl ester to be clearly seen. It shows no residual signal consistent
with quantitative conversion of the t-butyl esters to the carboxylic acids. Similarly, there
appears to be no signal remaining at 1708 cm"' for the carboxylic acid function suggesting
high conversion to the amide. Further examination of the 2500-4000 cm"' region (not
shown) shows no signal for the carboxylic acid OH between v= 3100-3500 cm"' after
conversion to the amide. As a result, FT-IR and 'H-NMR support quantitative conversion
of the pre-polymer to the metal complex containing polymers PHBTA or PBTA.
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Figure 4.3. FT-IR stacked spectra of (a) PtBA. (b) polyacrylic acid, and (c) PHBTA
homopolymers in the range 2250-1200 cm"'.
4.6 Optical Properties
Absorption spectra of complex 3 and homopolymer PHBTA were obtained at
room temperature in acetonitrile as shown in Figure 4.4a.
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Figure 4.4. UV/Vis overlaid spectra of (a) complex 3 (soHd line) and PHBTA (broken
line) homopolymer and (b) PHBTA (broken line) and PBTA solid line.
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The spectra show normalized absorption bands in the UV region, which are
attributed to the terpy electronic transitions and in the Visible region associated with the
dn (Ru)?c7C*(terpy) metal-to-ligand charge-transfer (MLCB) band."^" The UV/Vis spectra
of complex 3 and homopolymer PHBTA look very similar which is an indication that
the attachment of complex 3 to the macromolecular backbone has very little effect, if any,
on their absorption properties. The molar absorptivity data in table 4.2 shows the close £
values between complex 3 and the corresponding polymers at the four peak maxima. This
comparison of 8 between 3 and the PHBTA polymers provides two important pieces of
information. First it confinns the high conversion of the amide coupling reaction. If the
number of metal complexes along the backbone where much less than approximately
1 00%, then the detemiination of the molar absoiptivities for 3 and the macromolecules
containing 3 in the side chain would deviate. Secondly a comparison between 3 and
PHBTA-1 shows that DP has very little effect on e. As a result, the PHBTA polymers
can be visualized as a number of independent chromophores attached to the polymer
backbone in agreement with observations from Sleiman on ROMP polymers with
[Ru(bpy)3](PF6)2 attached to the side chain via ethylene glycol linkers."^ Similar
observations were found for the PBTA polymer and complex 4. Figure 4.4b shows the
absorption spectra for PHBTA and PBTA indicating veiy little change in the MLCT
band due to the hexadecyloxy substituent in PHBTA inidicating that the hexadecyloxy
group has little effect on the complex's energy levels. Because the [Ru(terpy)2](PF6)2
complex has very weak emission at room temperature,"^'' we did not record emission
spectra for the complex 3 or the PHBTA homopolymers and as a result, our conclusions
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regarding the effect of the polymer backbone on the electronic properties of
[RuCterpy):]*' covers only the absorption properties, or their ground state interactions.
Table 4.2. Molar Absorptivity data for complex 3, PHBTA-1, and PHBTA-2.
e(M'' ci-n"'xlO^)
Compound Xm^y = 242 nm >tmax = 267 nm Xmax = 304 nm ?imax = 484 nm
Complex 3 4J2 Til 5^64 ~\
PHBTA-1. - 375 4.57 4.76 5.25 1.62
PHBTA-2,DP = 58 4.52 4.78 5.28 1.62
e units is reported per mole of the monomer containing [Ru(terpy)2] ' complex.
4.5 Supramolecular Organization
4.5.1 Lyotropic Liquid Crystal Properties
Having successfully prepared and characterized these macromolecules, their
ability to self-assemble into ordered materials was first examined in solution. Figure 4.5
shows the polarized optical microscopy (POM) image of a 1 5 wt % PHBTA-1 solution in
chloroform. The image shows red bright areas aligned in the direction of shear indicating
a liquid crystalline (LC) phase that remains present upon heating from room temperature
to about 60 T (the boiling point of chlorofomi). For PHBTA-1 with DP = 375.
birefringence in chloroform solution was observed down to 8 wt %. To better understand
the molecular origin of this LC solution, two different molecules were investigated.
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Initially, the effect of the molecular weight (MW) was examined using PHBTA-2 which
has a DP = 58 compared to DP = 375 for PHBTA-1.
Figure 4.5. Polarized optical microscopy micrograph of PHBTA-1, 15 w% in
chloroform at room temperature sheared by sliding the cover slip.
Like PHBTA-1. PHBTA-2 is birefringent in chlorofonn at 15 wt % but when the
concentration is reduced below 10 wt % the birefringence is lost. These data show that
the shorter polymer (4.6 times smaller DP ) requires a 2 wt % higher concentration to
exhibit birefringence and thus long range order. This slight increase in concentration,
from 8 wt % for PHBTA-1 to 10 wt % for the shorter PHBTA-2, shows that MW does
not have a significant influence on the lyotropic behavior of these polymers. This slight
decrease from 10 wt % to 8 wt % is consistent with the expectation that the smaller MW
sample requires slightly more material in solution to experience intemiolecular
interactions leading to long-range order. PBTA homopolymer is not soluble in
chloroform but soluble in acetone, studying its birefringence in acetone demonstrated no
lyotropic phase behavior at any concentration up to 20 wt % suggesting the presence of
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the metal complex alone is not enough to drive assembly acetone. The insolubility of
PBTA in chlorofonn is a clear indication of preferential salvation of the Cia-alkyl chain
in PHBTA homopolymers versus the polymer's backbone which is insoluble in
chloroform. It suggests the Ci6-chain plays an important role in stiffing the
macromolecular backbone and promoting attractive interactions between chains which
leads to stiffening of the polymer's backbone and hence self-organization. At the same
time, it seemed unreasonable to conclude that the metal-complex plays no role in the
organization since poly(acrylamide)s with long alkyl side chains are not typically known
to be lyotropic in organic solvents. "'^ Poly(octadecylacrylamide), POCDA, of the same
average degree of polymerization DP = 375 as PHBTA-1 was synthesized by the same
indirect approach in order to study if the homopolymer would show birefringence in
POM. The POCDA homopolymer was slightly soluble in chloroform and showed no
birefringence pattern using POM. This data strongly suggests the critical role of the metal
complex in generating the lyotropic LC phase.
Speculating that the metal-complex has ionic character, we performed a classical
polyelectrolyte experiment in which the reduced viscosity of PBTA was measured as a
function of polymer concentration. As a result of the electroviscous effect, conventional
polyelectrolytes show an increase in viscosity as the concentration is reduced."* '"^^ This
increase in viscosity with decreasing concentration results from an expansion of the
macromolecular chain as the effective salt concentration is lowered due to the reduced
number of polyelectrolyte counterions in solution. Figure 4.6 shows that the reduced
viscosity as a function of polymer concentration gradually increases with decreasing
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polymer concentration for PBTA. This data suppoils the assumption that the metal
complex is ionized enough that the electrostatic interactions along the polymer backbone
are manifested in the dilute regime leading to an expansion of the polymer chain and
subsequent increase in solution viscosity. In addition to this electroviscous effect, PBTA
solutions show conductance demonstrating the presence of free ions and the dissociation
of the counterions from the metal complex. These experiments demonstrate the metal
complex behaves as a charged group within the polymer backbone.
10"' 10'' 10"" 10"-' 10"-
Concentration, 0 (M)
Figure 4.6. Reduced viscosity measured as a function of monomer concentration for
PBTA in acetonitrile at 22 °C. Circular points are the experimental data, the solid line is a
sigmoidal fit, and the dotted line is a theoretical behavior expected for a non-charged
polyiner.
Since the metal complex has a charged nature and the Ci6-alkyl chain is necessary
to exhibit lyotropic materials, similarities between these novel polymers and
polyelectrolyte-surfactant complexes become apparent. Figure 4.7 shows a structural
comparison between the PHBTA polymers and a polyelectrolyte-surfactant complex. In
each system, the side chain contains a charged group ([Rulterpy):] '" metal-complex or
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so? ) and long alkyl chain. This creates another level of structural segregation within the
macromolecule since the alkyl chain is hydrophobic and the charged group is more polar.
Hydrophobic Tail
Figure 4.7. Stmctural analogy between PHBTA and poly(2-Acrylamido-2-methyl-l-
propanesulfonate cetyltrimethylammonium salt). PAMPS-CTMA. Each structure is
composed from an acrylamide backbone with side chains containing a charge unit and
long hydrophobic alkyl group.
hi order to further understand the self-assembly of these metal-ligand containing
polymers, we turned to the theoretical analysis which describes the stiffening of flexible,
linear polyelectrolyte chains due to complexation with oligomeric surfactants by
Frederickson."*'' These interactions induce lyotropic LC behavior in solution, even for very
flexible polymers. According to the theory, flexible polymers bound to surfactants will,
under good solvent conditions for the alkyl chain, develop sufficient enliancement of the
persistence length due to steric interactions originating from the excluded-volume
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repulsion between alkyl chains. The PHBTA homopolymers fulfill all the requirements
to show lyotropic LC properties including long alkyl side chain, charged metal complexes
to give polyelectrolytic properties, in addition of using chloroform which is a good
solvent able to preferentially solvate the side chain but not the polymer's backbone.
Essential parameters are the number of binding sites, the binding energies, and the length
of the alkyl chain surfactant M. For a given M, the number of bound alkyl chains per
monomercrcr, detemiines the stiffness of the complex. At the high coverage limit, the
persistence lengtliU, of the complex is predicted to scale to M according to equation l.^'^'^^
^ «a"'M'" (V)
Where a is the Kuhn segment size (for simplicity, it is assumed to be the same for
the polymer and surfactant ). The thickness of the polymer-surfactant complex R is
predicted to scale according to equation l.^"^
R
'^g'M'' (2)
As a consequence, the ratioil'T?, which detennines the possibility of lyotropic
behavior, scales according to equation 3."^'*
^/^ (3)
In order to observe lyotropic behavior, this ratio should exceed lO,^*^'^" which
taken at face value would also require the side chains to consist of approximately 10
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methylene units (A/ = 10) provided that every monomer repeat unit contains an alky!
chain as is the case for our PHBTA polymers, (i.e. a = 1 )."^'^""^'
Specifically in our PHBTA polymers, the metal ligand complex forces every
monomer unit to have an alkyl tail which turns the flexible polyaciylic acid backbone into
a rigid rod-like chain. The rigidity is a result of stiffening the polymer backbone due to
the excluded-volume repulsion of the Ci6-alkyl groups and the [Ru(teipy)2]^^ complex.
Since PBTA and non-charged polyacrylamides containing long alkyl groups do not show
lyotropic LC behavior, it suggests that the [Ru(terpy)2] ' complex and Ci6-alkyl chain are
necessary to induce lyotropic LC properties in PHBTA."'*''"'
4.5.2 Solid State Assembly
Having characterized the solution behavior of these polymers, their solid state
organization was examined by SAXS and WAXD. The lyotropic LC properties suggested
the PHBTA polymers acted like rigid rods in solution. If this were the case, they may
self-organize into ordered materials in the solid state. POM experiments first indicated
these materials were ordered in the solid state due to the presence of birefringence
textures from solid samples. In contrast, PBTA showed no birefringence in the solid
state.
SAXS experiments were perfonned on samples of PHBTA-1 cast from the 15 wt
% chloroform lyotropic LC solution and the obtained scattering pattern is shown in
Figure 4.8. From the 1 : ratio, a model was developed based on a hexagonal aiTay of
94
cylinders with a lattice spacing of 5.1 nm. This model was initially developed based on
the observed lyotropic LC phase and previous studies on 'hairy' rod polymers with high
persistence length. According to Ikkala and ten Ten Brinke,^° rigid rod polymers show
three possible microphase separate moiphologies including one which is lamellae and
two which are hexagonal. The lamellar phases are observed with short side chains while
long side chains promote hexagonal ordering of the haiiy-rod cylindrical brushes. In the
intermediate length side chain regime, several chains associate to from elongated
cylinders. Fitting the measured q spacings to our macromolecular structure with
consideration of these phases, we amved at a hexagonal array in which the side chains are
tilted about 45 degrees with respect to the molecular backbone. Assuming closed packing
of the cylinders, along with the calculated molecular dimensions from molecular
modeling in which the fully extended side chain is 4.2 nm, the cylinder diameter with
fully extended chains would be 8.4 nm. Allowing the side chains to tilt approximately 45
degrees provides a cylinder diameter of dc = 5.89 nm and an excellent match for the
observed lattice spacing of 5.1 nm. This tilt angle of 45 degrees is smiilar to commonly
observed tilt angles of mesogen-jacketed liquid crystalline polymers in which the tilt
angle is about 38 degrees, previously reported.^^'
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Figure 4.8. SAXS pattern for PHBTA-1. Open circles: obser\ ed data set. Solid line:
cur\'e fitting to a Gaussian distribution. Inset: I(q).q vs. q presentation of the same data set
for better recognition of the higher order peak.
At the same time, alkyl side chains containing sixteen carbon atoms are known to
crystallize. WAXD experiments were performed and showed crystalline diffraction peaks
for PHBTA-1 and 2. which were absent in PBTA (see Figure 4.9). This clearly indicates
that the Ci6-alkyl chain is responsible for the shaip peaks observed in Figure 4.9. Fitting
the sharp signals provided unit cell parameters and the ciystal lattice type, which are
summarized in table 4.3. Both PHBTA-1 and 2 polymers were fit to the same unit cell
although PHBTA-2 has three signals for (1 13). (223), and (542) planes, which are very
weak or absent in PHBTA-1. The polymer crystallite size, < L >^^, , was calculated form
the ScheiTer equation.^'^ using the ciystalline diffraction signals for both PHBTA
polymers and ranged from 17.7 to 21.8 nm. The broad signals shown between 20 = 10-25
degrees correspond to amorphous scattering of the polymer backbone and that part of the
side chains which are not crystalline (the C5 segment between the backbone and the
[Ru(terpy)2]'^^ complex). Examination of the scattering data obtained from PBTA shows
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the lack of crystalline scattering but the continued presence of the amorphous scattering
due to the polymer backbone. "
3
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Figure 4.9. Wide angle powder x-ray diffraction pattern of (a) PHBTA-2. (b) PHBTA-1
and (c) PBTA homopolymers.
Table 4.3. Unit cell parameters and lattice type for PHBTA-2 homopolymer.
Polymer Unit cell parameters Crystal lattice type < L >,,^, , nm
PHBTA-2, DP =58 a = b = 10.0278 A Tetragonal, P type 17.7 for (531
)
c = 7.5070 A 21.8 for (542)
a = p = 5 = 90
"
Figure 4.10 shows a representation of the supramolecular assemble generated
from the diffraction data just presented. The lyotropic LC properties initially suggested
that the PHBTA polymers behaved like rigid rods. The SAXS pattern showed a
hexagonal lattice whose dimensions were consistent with the chemical structure of
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PHBTA. The side chains tih away from the molecular backbone at an angle of about 45
degrees which is consistent with typical obserx ations seen for mesogen-jacketed liquid
crystalline polymers in which tilt angles around 38 degrees have been reported.^"^ WAXD
indicated the long alkyl chains actually crystallize within the supramolecular assembly
pro\'iding a strong driving force for macromolecular self-assembly. Figure 4.10 illustrates
the hexagonal an'ay of cylinders as well as the fact that the alkyl chain crystallize while
the [Ruiteipy):]^' and the polymer are amorphous.
Figure 4.10. Schematic representation showing the hexagonal an^ay of cylinders. The
macromolecule is shown superimposed on one of the cylinders. The cylinders are not
hollow but represent the amoiphous nature of the backbone and [Ru(terpy)2]^" while the
solid red represents the ciystalline alkyl chains.
4.6 Conclusions
The synthesis of novel [RuCterpy):]"^' complex containing polymers was accomplished
using ATRP followed by post-polymerization functionalization. When the
macromolecular architecture included both the metal complex and alkyl chain, self-
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assembly was observed in solution and in the solid state. Because the metal complex was
shown to be charged, structural analogy to polyelectrolyte-surfactant complexes could be
made, which helped in understanding the noncovalent forces guiding self-assembly.
Combining the precision ofmodem polymer chemistry with the design features available
from metal-ligands provides a novel self-assembling system. Learning to self-assemble
macromolecules with the functionality of metal-complexes will be important for
discovering novel ad\'anced materials.
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CHAPTER 5
HEIRARCHICAL SELF ASSEMBLY OF DIBLOCK AND TETRA-ARM STAR
BLOCK COPOLYMERS CONTAINING [Ru (terpy)2]"^
5.1 Introduction
Molecular self-assembly processes dn\'en by noncovalent interactions through
combing mutually repulsive groups with attractive interactions are essential for building
ordered nanostructures.' Hydrogen bonding has been extensively utilized to build ordered
nanostructures and hierarchical (tandem) self-organization. On the other hand self-
assembly and microphase separation of metal complexes in the polymer's side chain are
rarely reported." " In one approach, hierarchical self-organization requires the use of block
copolymers in which the polymer organizes into two domains with one of the domains
organized one order magnitude smaller than the other domain. Conventional flexible
diblock copolymers microphase separate into well ordered domains in the length scale
10-100 nm, replacing one of the blocks with a block that phase separate into even smaller
length scale gives the system a hierarchical morphology. This block could be a liquid-
crystalline (LC) polymers/ mesogenic moieties complexed to polymer backbones,^
polyelectrolyte/surfactant complexes.''"^ or hydrogen bonded polymer/amphiphile
complexes,'^'"' these polymers can foiTn ordered stmctures with a typical length scale of 2-
6 nm.
Ikkala and ten Ten Brinke have demonstrated the concept of building hierarchical
morphologies using polyelectrolyte surfactant complexes and hydrogen boning forces as a
104
motif for creating ordered structures with two different length scales. Using polystyrene-
block-poly(4-vinylpyridine), (PS-b-P4VP). hydrogen bonded to an amphiphile. i.e.
nonadecylphenol (NDP). morphologies like lamellar-within lamellar, lamellar-within-
cylindrical, cylindrical-within-lamellar, spherical-within-lamellar, and lamellar-within-
spherical moiphologies were obtained by varying the weight (or volume, /comb) fraction of
the blocks. (68) Figures 5.1 and 5.2 show TEM micrograph of different structure within
structure hierarchies. Their work has inspired us to use our block copolymers containing
metal complexes in the side chain to build hierarchal structures."
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Figure 5.1. TEM micrograph and schematics (a) lamellar-within-lamellar stmcture of
PS-b-P4VP(NDP)i.o with fcomb = 0.48, and (b) lamellar-within-cylindrical structure of
PS-b-P4VP(NDP)i.o with/comb = 0.27. (Reproduced from Ikkala et al. 1999, Wiley
Interscince)
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Figure 5.2. TEM micrograph and schematics (a) cylindrical-within-lamellar matrix
structure of PS-b-P4VP(NDP)i.i, with /comb = 0.65, and (b) spherical-within-lamellar
matrix structure of PS-b-P4VP(NDP),.o with /^^mb = 0.93. (Reproduced from Ikkala et al.
1999, Wiley Interscince)
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In this chapter, we focus on the synthesis, characterization, and self-assembly in
bulk and in solution of. P(PS-b-HBTA), diblock and tetra-amn star copolymers, P(PS-b-
HBTA)4. The PHBTA block was previously studied in chapter 4 and characterized to
have lyotropic liquid crystalline properties. SAXS data showed the chains pack into
cylinderical columns in the and that with the Ci6-alkyl side chains crystallize The
PHBTA homopolymers are a class of polymers that possess the properties of
polyelectrolyte/surfactant stoichiometric complex. The flexible polyacrylamide's
backbone bound to the metal complex with Ci6-alkyl side chains acting as typical
surfactants will, under good solvent conditions for the Ci6-alkyl chain, develop sufficient
enhancement of the persistence length due to steric interactions originating from the
excluded-volume repulsion between Ci6-alkyl chains to induce lyotropic LC. Combining
this PHBTA rigid rod-like block with the flexible coil-like polystyrene block in either
P(S-b-HBTA) or P(S-b-HBTA)4 generates coil-rod block copolymers. Self-assembly of
these molecules in the bulk stmcture-within-stmcture morphology. The stiff nature of the
PHBTA block is a motif for the copolymers to have lyotropic liquid crystalline properties
in solution. This self-assembly in solution is a direct manifestation of the copolymer
structural design impact on the polymer's properties.
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5.2 Synthetic Approach
Supramolecular polymers with metal complexes in the side chain constitute a type
of materials that have promising properties. These properties include lyotropic liquid
crystals, optical properties, and most important the ability to microphase separate into
ordered nanostructures. These ordered nanostructures properties are tied to the molecular
architecture's properties including molecular weight (MW), polydispersity index (PDI),
and composition. Having previous experience with a number of synthetic strategies, a
simple yet very flexible method was introduced in chapter 4 to synthesize these materials.
Figure 5.3 shows the strategy applied to the synthesis of diblock copolymer P(S-b-
HBTA) and P(S-b-BTA) diblock copolymer 6 and 7.
R=-OC|pHv-, P(S-b-HBTA) 6. yield = 64%
R=H P(S-b-BTA) 7.yield = :?°u
Figure 5.3. Scheme for the synthesis of P(S-b-HBTA), 6 and 7 diblock copolymers
Following the same strategy, a tetra-ann star diblock copolymer P(S-b-HBTA),
12, was synthesized. Figure 5.4. Staring with pentaerythriytol as the tetra-ann star
polymer core and functionalized it with BMPB provide ATRP initiator. 8. Styrene was
polymerized using 8 to form the tetra-arm polystyrene macroinitiator PS4, 9. M„ = 41 .3
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kDa and PDI = 1.13. The PS4 star nature was confirmed by hydrolysis of the ester bonds
fonning the star core to generate linear polystyrene chains that were characterized by
GPC to give Mn =13.33 kDa and PDI = 1.19. The M,, of PS4 measured using GPC
against linear PS standard is underestimated by 22.5 % when compared to Mn from four
linear PS chain of 13.3 kDa each.
R
R=-OC,bH35 12
PlS-b-HBTA)4 yield =76%
Figure 5.4. Scheme for the synthesis of P(S-b-HBTA), 12 star diblock copolymer
The apparent paradox in the Mn is due to the use of linear PS GPC standard. This
is due to the compact size of the star polymer which has lower hydrodynamic size
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compared to the linear chains of the comparable Mn.'^ The PS4 macroinitiator is used to
polymerize tBA generating the tetra-arm P(S-b-tBA)4 star polymer. 10 . The tBA block is
deprotected using TFA at RT to generate the P(S-b-AA)4 star polymer, 1 1 . The
polyaciylic acid block couples with the amine functionalized [Ru(teipy)2]"^ complex
fomiing P(S-b-HBTA)4 star polymer, 12. Table 5.1 shows the molecular weight
characterization of copolymers P(S-b-HBTA). 6, P(S-b-BTA), 7, and P(S-b-HBTA)4 12.
Table 5.1. Molecular weight characterization of P(S-b-HBTA). 6, P(S-b-BTA), 7. and
P(S-b-HBTA)4, 12 copolymers.
Polymer Mn'xlO^ PDl'' f^?s wt %
P(S-b-HBTA), 6 92.4 1.07 42
P(S-b-BTA), 7 82.1 1.07 47
P(S-b-HBTA)4, 12 299.0 1.12 18
^ M„ values are calculated using monomer M\v and DP of P(tBA) from GPC measurements.
PDI is based on the P(S-b- tBA) and P(S-b-tBA)4 protected polymers. M„ & / ^ps are determined from
GPC (THF) molecular weight measurements vs. PS linear standards and 'H-NMR data.
5.3 Supramolecular Organization
5.3.1 Lyotropic Liquid Crystal properties
Diblock copolymer 6 shows birefringence under polarized optical microscopy
both in chloroform solution at 15 wt % and in the bulk. Figure 5.5a shows the
birefringence of the thin film of = 100 micron thickness while Figure 5.5b shows the
birefringence of the 1 5 wt% chloroform solution. The birefringence of the thin film was
maintained upon heating the film from 25 to 240 °C at 10 rate and cooling it back to
room temperature. The birefringence pattern in chlorofomi indicates that the copolymer
self organizes in the form of lyotropic liquid crystals. The star copolymer 12 shows
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birefringence in the bulk (see Figure 5.5c) but due to limited solubility no birefringence
was observed in solution. The behavior of copolymers 6 and 12 could be explained in
terms of the PHBTA block in which this block plays a major role in detennining the
copolymers self assembly properties. The monomeric unit in the metal complex
containing block includes the [Ruiterpy):]"^ complex withy Ci6-alkyl group in the side
chain, the polymer structure could be visualized as a stoichiometric polyelectrolyte-
surfactant in which the [Ru(teipy)2]"^ acts as the ionic head group and the Ci6-alkyl gi^oup
acts as the hydrophobic tail grafted from flexible polyacrylamide backbone. The
polyelectrolytic nature of the metal complex containing block was confimied by the
viscosity measurements as discussed in chapter 4. According to theoretical treatment by
Fredrickson,'^ flexible linear polyelectrolytes would induce lyotropic liquid crystals upon
complexation with surfactant in good solvent relative to the surfactant tail. This behavior
is attributed the enhancement of the polymer persistent length of the resultant bottle-brush
polymer. The steric repulsion due to the excluded volume interactions among the
surfactant tails in solution renders the flexible polymer chains backbone into stiff rod
allowing to self assemble into liquid crystalline mesophases. Therefore, the P(S-b-
HBTA), 6, and the P(S-b-HBTA)4, 12, copolymers are composed of rod-coil blocks in
which polystyrene is a flexible coil and the metal containing block stiffer conformation.
These copolymers appear to carry the liquid crystalline properties of the rod block as
evidenced from the birefringence pattern in bulk and in solution in which chlorofoiTn is a
good solvent for the Ci6-alkyl group. This polyelectrolyte-surfactant like behavior leads
the systems to develop high persistent length in the rod block and hence liquid ciystalline
properties.
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Figure 5.5. Polarized optical microscopy micrograph of (a) P(S-b-HBTA), 6 sheared
thin film at RT, (b) P(S-b-HBTA), 6, 15 w% solution in chlorofomi at RT sheared by
sliding the cover slip. And (c) P(S-b-HBTA)4, 12 sheared thin film at RT.
5.3.2 Hierarchical Self-Assembly
The microphase separation of P(S-b-HBTA) diblock copolymer in the bulk
properties were studied using SAXS method. The diblock copolymer sample was
prepared by compressing the sample while heating at 235 ''C above the Tg for both blocks
for 5 h to form a disk 12 mm in diameter. This preparation method allowed the diblock to
microphase separate and induces a degree of orientation in the microdomains which could
111
then be probed by SAXS. Figure 5.6 s the SAXS pattern for the P(S-b-HBTA)
diblock copolymer in which the X-rr n is peipendicuiar to either xy or zy directions
where xy and zy donate the material's planes shown in Figure 8.5. The SAXS pattern
taken for perpendicular to the >: r>lane in Figure 5.6a contains two halos with a long
period, d, that can be calculated irom the fomiula d= 27t/q where q is the wavevector
con-espondent to the each halo maxim^ Two distinct long periods of 2 i cm and 5.7 nm
are shown in Figure 8.5b. Rotating the sample so that the sample zy plane is
perpendicular to the X-ray beam gives the SAXS pattern shown in Figure 5.6c. The
pattern shows orientation as seen from the two intense arcs along the equatorial axis. The
arcs" wavevector have maxima correspondent to 1:2 ratio. The long period for the first
order arc and the halo are at 25 nm and 6 nm. respectively. These values are close to those
calculated for the structure g ving peak maxima in the xy plane. Polystyrene block
constitutes 42 % by weight of the P(S-b-HBTA) diblock copolymer which like gives rise
to a lamella r orphology. The SAXS pattern shown in Figure 5.6c confinns the lamella
morphology in which the diblock microphase separate into alternating layers. The lamella
stmcture is composed of alternating PS and PHBTA layers. As we have discussed in
chapter 4, the PHBTA homopolymer self-assembles in the bulk to pack into hexagonal
columnar cylinders with a long period of 5.1 nm. The SAXS pattern show that the
diblock copolymer microphase separate into an ordered material with two different length
scales. The hexagonal packed cylinders represented by the 5.7 nm long period and the
lamella of the alternating PS and PHBTA layers which has a long period of 2 1 nm. This
hierarchical cylinders-within-lamella moiphology is a direct result of the copolymer
structural design.
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Figure 5.6. SAXS patterns for P(S-b-HBTA) diblock copolymer 6 (a) 2D-SAXS pattern
showing two scattering halos. X-ray beam is perpendicular to the xy direction (b) SAXS
intensity vs. the magnitude of the scattering vector q for the meU pressed bulk sample, (c)
2D-SAXS pattern for P(S-b-HBTA), X-ray beam is perpendicular to the zy direction, and
(d) SAXS intensity vs. the magnitude of the scattering vector q for the same sample.
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The orientation of the lamellae layers can be clearly seen from the SAXS pattern
in Figure 5.6c where the intense arcs reflect the long range order of the lamella layers. On
the other hand the microphase separated cylinders for the PHBTA rod seems to have short
range order or mixed orientation in tenns of the rod an-angements as shown from the halo
at high wavevector value shown in Figure 8.5c and d. This mixed orientation of the rods
can be examined by the perfonning azimuthal scan of different scattering peaks shown in
Figure 5.6c. Figure 5.7a and 5.7b show the azimuthal scan for the first scattering signal
and the large scattering halo in Figure 8.5c in terms of the intensity of the X-ray scattered
peak against the azimuthal angle.
Aizimuihal an^le (') Azimuthal angle (')
(a) (b)
Figure 5.7. Azimuthal scan of Figure 4c scattering peaks for the (a) first order scattering
peak and (b ) the large wavevector halo
Figure 5.7a shows the azimuthal scan for the first order scattering peak in Figure
5.6c, the scan demonstrates that the maximum of the scattered X-ray lie only at Oo, ISOo
and 360o angles. This data is in agreement of the layered lamella stractures of long period
of 2 1 nm which show long rang order. On the other hand, the azimuthal scan in Figure
5.7b shows that the large haho in Figure 5.6c has two sets of peak maxima which are the
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maxima around Oo, 1 80o and 360o and the maxima around 70o and 260o angles. These
sets of peak maxima are con-esponds to the first order scattering due to the PHBTA
cylinders and reason of having two sets of maxima may be explained in terms of different
orientation of the PHBTA block cylinders with respect to the lamellas orientation. The set
of peak maxima at Oo. I8O0 and 360o azimuthal angles may coiTespond to PHBTA
cylinders parallel to the overall lamella layers while the scattering maxima at 70o and 6O0
angles may coiTespond to the PHBTA block cylinders peipendicular to the direction of
lamella layers. The intensity of the scattering maxima in the two sets show that the
PHBTA parallel rods are the major orientation the rods prefer. Figure 5.8 shows an
idealistic model for the diblock copolymer lamellae layers and the PHBTA cylindrical
rods orientation with respect to the overall lamella orientation.
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XFigure 5.8. Proposed model for the hierarchical cylinder-within-lamella structure of the
diblock copolymer P(S-b-HBTA)
5.3.3 Star Copolymer Self-Assembly
The star copolymer. 12, was studied in the bulk using SAXS for a sample
prepared in the same manner of the diblock copolymer. Figure 5.9 shows the SAXS
intensity against wavevector. The scattering pattern demonstrates one shoulder at 0.254
nm"' coiTesponding to a long period of 24.7 nm and no higher order scattering peaks. The
PS block constitutes 1 8 % by weight of star copolymer which when compared to a
conventional block copolymer phase diagram may form spherical moiphologies with PS
spheres embedded in a matrix ofPHBTA rods. Efforts to orient this microphase
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separated moiphology into long range order using the oscillatory shear experiment did not
yield higher order reflections.
: q = 0 254 nm
^
; d = 24 7 nm
q (nm'')
Figure 5.9. SAXS pattern for P(S-b-HBTA)4 star copolymer, 12. for the bulk sample.
5.3.4 Side Chain Crystalline phase
The crystallization behavior of both P(S-b-HBTA) and P(S-b-HBTA)4 diblock
copolymers was studied by WAXD method shown in Figure 5.10 in the 20 range of 5 and
70 degree. The WAXD pattern shows that both the diblock and the star copolymers
possess ciystailine order as indicated by the WAXD pattern. Comparing the WAXD
patteren of P(S-b-BTA). P(S-b-HBTA). and P(S-b-HBTA)4 show that the P(S-b-BTA)
diblock lacks all the cwstalline peaks above 25° obser\'ed in both the P(S-b-HBTA). and
P(S-b-HBTA)4. Figure 5.10 also contains the WAXD pattern of the PHBTA
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homopolynier alone to confirm that the Ci^-alkyl chains are responsible for this
crystalline behavior. Fitting the sharp signals provided unit cell parameters and the ciystal
lattice type in which the side chain ciystallizes in the tetragonal unit cell with unit cell
parameters of the same values as in the PHBTA homopolymer of a = b = 10.02 A, c =
7.50 A. and a = (3 = 5 = 90^
2theta C)
Figure 5.10. Wide angle powder X-ray diffraction pattern data for (a) P(S-b-BTA)
diblock 6. (b) P(S-b-HBTA) diblock 7, (c) P(S-b-HBTA)4 star copolymer 12 and (d)
PHBTA homopolymer.
5.4 Conclusions
In this chapter, we have demonstrated that the indirect method is a successful
general method to synthesize diblock and star block copolymer. Both the diblock and the
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star copolymers containing [Ru(terpy)2]"^ with Ci6-alkyl side chain show lyotropic liquid
crystalline order in solution at room temperature and in the bulk in the temperature range
25-240 ^'C. The LC order is a direct result of the incorporation of the PHBTA stiff block
in the copolymer's architectures. Self-assembly of the P(S-b-HBTA) diblock copolymers
leads to the hierarchical cylinders-within-lamella morphology which show nanostructure
order in two length scales at 21 nm and 5.7 nm respectively. The PHBTA cylinders has a
crystalline outer shell a result of the ciystallization of the Ci6-alkyl side chains. This
behavior is recorded in the diblock and the star copolymers WAXD pattern. This
behavior show that the PHBTA block properties are retained in either the diblock and the
star copolymers without significant changes and emphasizes the structure-property
relationship in the design of the polymers' architectures.
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CHAPTER 6
EXPERIMENTAL
6.1 Materials
All chemical reagents were obtained either from Alfa Aesar. Fisher, Cambridge
isotopes. Aldrich Chemical Co.. Avocado Research Chemicals, Polysciences Inc, or
Acros organics and used without further purification unless otherwise stated. Monomers
including styrene (S). methyl methacrylate (MMA). tert-butyl aciylate (tBA) were
purified by vacuum distillation to remove the inhibitor and stored in the freezer (-20 °C)
under N2 gas. azobis(isobutyronitrile) (AIBN) was recrystallized from methanol and
stored in the freezer. Reagent grade THF was distilled under nitrogen from
sodium/benzophenone and used for GPC. Methyl 2-bromopropionate (MBP),
pentaerythriytol (PE), 2-methylbutyric acid (MBA), 1 -phenylethylbromide (PEBr). 2-
bromo-2-methylpropionylbromide (BMPB), dimethyl, 2,6-dibromoheptane dioate
(DMDBHD), triethylamine (TEA), iV,iV,7V\A^'\A^''-pentamethyldiethylenetriamine
(PMDETA). 2,2 -bipyridine (bpy), 2-acetylpyi-idine (AP), dimethylfomiamide
dimethylacetal (DMF dimethylacetal), ammoniumacetate, ethyl-2-pyi-idine carboxylate
(EPC), sodium hydride, phosphorusoxychloride (POCI3), phosphorus pentachloride
(PCI5), potassium tert-butoxide, dimethoxyether, 5-aminopentane-l-ol, 4-vinylbenzoic
acid, a-methoxy, ohydroxy polyethylene glycol (THF GPC calibrated against PEO
standards: Mn = 350, DP = 8 units) (MeO-PEGg-OH), 1-hydroxybenzotriazole (HOBT),
dicyclohexylcarbodiimide (DCC). 7V-(3-Dimethylaminopropyl)-iV'-ethylcarbodiimide
hydrochloride (EDC hydrochloride), trifluoroacetic acid (TEA), ruthenium chloride
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trihydrate (RuCb. 3H2O), iridium chloride hydrate (IrCl.O, ethanol, Silver
tetrafuoroborate (AgBFa), benzylbromide, glacial acetic acid, ethylene glycol was
degassed using dry N2 for 5 h before use. sodium carbonate, celite. neutral alumina,
potassium hydroxide, ammonium hexaflourophosphate (NH4PF6). 1-hexadecanol. n-
butanol. MA^-diisopropylethylamine (DIEA). copper(I) bromide (CuBr), copper(II)
bromide (CuBr:). dichloromethane, (DCM), dimethylsulfoxide (DMSO). acetone, dry
dimethylformamide (DMF). triethylamine (TEA), iodine, diethylamine diethylether.
benzene, ehylacetate. chloroform and all other solvents were all used as received. The
alkoxy amine intitiator, 2,2.5-Trimethyl-3-( l-phenylethoxy)-4-phenyl-3-azahexane
(AAI) was kindly donated by Prof. Craig J. Hawker.
6.2 Measurements and Sample Preparation
'H-NMR spectra were recorded using 300MHz DPX-300 and 'T-NMR spectra
operated at 1 00 MHz were recorded using 400MHz Avance Bruker spectrometers in
either CDCI3, CD3CN, D2O, pyi-idine-ds, or DMSO-de. The gel permeation
chromatography (GPC) to measure molecular weight and polydispersity index were
recorded in THE as eluant against naiTOw PS or PMMA standards using differential
refractometer. and three PLgel columns (105, 104. and 103 A), with three columns kept at
35 ''C. The Eourier transform infrared measurements were perfonned at room temperature
on a PERKIN ELMER FT-IR Spectrometer, Spectrum 2000. Polymers were dissolved
either in DCM or THE containing drop of water, and deposited over ZnSe pellets then
allowed to dry at room temperature before measurements. Ultraviolet-visible
spectroscopy measurements were recorded using Lambda 25 PerkinElmer UV WinLab
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5.1.4.0630 / Lambda25 1.24 Lambda 2 series spectrophotometer. The instrument was
calibrated against spectroscopic grade solvents. Emission spectra were collected using
PerkinElmer LS 55 Luminescence spectrometer combined with FL WINLAB v 4.0.0.2
software. Polarized optical light microscopy (POM) is used to image the lyotropic liquid
crystal birefringence patterns. The observations were conducted from room temperature
to 60 "C using Axioskop 40, Zeiss combined with LTS350 hot stage and TMS 94/LNP
heat controlling systems from Linkam Scientific Instruments Ltd. The images were
captured using an insight digital camera, AxioCam MRc5. combined with AxioVision
Vs40AC v4.4.0.0 software. The polymer solutions (8-15 wt %) were prepared in CHCI3
and sheared between glass cover slides.
Mass spectral data were obtained at the University of Massachusetts Mass
Spectrometry Facility which is supported, in part, by the National Science Foundation.
The onset of polymer thermal degradation (Tdeg) and the degradation profile were
recorded using thermal gravimetric analysis (TGA) instrument 2050 TGA V5.3C
Module. TGA was perfoiTned under a stream of N2 gas. The temperature program used
allowed the temperature to increase 10 ''C/min between 30-1000 ^C. Differential
Scanning Calorimetry (DSC) was used to measure the glass transition temperature of the
polymers (Tg). The T„'s were recorded under a stream of N2 gas using a 2910 MDSC
V4.4E Module modulated DSC. An endothermic hysteresis program allowed the samples
to be cool down at 2 "C/min starting at 240 ''C down to -50 ''C and heated at 40 °C/min up
to 240 °C. Two cooling and heating cycles were recorded and only the Tg value from the
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second cycle is reported. Sample sizes ranging fonn 5 to 7 mg were used and sealed in
aluminum pans.
Small-angle X-ray scattering studies were perfonned using an instrument from the
Molecular Metrology Inc.. equipped with a focusing multilayer monochromator (Osmic
MaxFlux) with X = 1 .54 A. The beam was collimated with three pinholes. For the small
angle detection, a 2-D multiwire detector (sample-to-detector distance of 1.5 m) was
used. Silver behenate (^r/OOl ), 58.38 A was used for angular calibration of the SAXS
measurements. Small-angle X-ray scattering (SAXS) measurements in the medium angle
range were performed using a Rigaku RU-H3R rotating anode X-ray diffractometer
(operating at 1.2 kW. equipped with a multilayer focusing optic: point focus (100 |im)";
Osmic Inc.. type CMF23-46Cu8) and a home-built evacuated Statton type scattering
camera. The sample cells used for the solid sample measurements consisted of a Teflon
card sandwiched between thin Mylar windows. The sample-to-detector distance was 460
mm, which coiTesponds to a q range of 0.0698 A"^ < ^ < 0.625 A'' with q =
(47r/X)sin(9/2), where 0 is twice the Bragg angle, and the incident beam wavelength was
1.54 A, corresponding to 8 keV Cu Ka radiation. Scattering patterns were acquired with
10 cm X 15 cm Fuji ST-VA image plates in conjunction with a Fuji BAS-2500 image
plate scanner. The X-ray scattering intensity profiles were obtained from radial averages
of the scattering pattern intensities, using procedures developed by the Strey group for the
Igor Pro software package (Wavemetrics, Inc.. Lake Oswego, OR). A strain-controlled
rheometer (ARES, TA instruments) was used for for shear induced ordering. Parallel
plate anf cone and plate with cone angle of 4*^ fixtures with a diameter of 25 mm were
used for all the experiments. The gap size used was in between 0.7-0.8 mm. The sample
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was first pressed with a Teflon mold on a hot plate at 235 °C to fonn a disk (0.5 nim
thickness, 12 mm diameter). After the disk was placed on the rheometer plate, the
rheometer sample chamber was heated and kept at 235 °C, after which the cone was
brought into contact with the sample. The temperature was set at 235 °C. and the sample
was kept still at least for 5 min to achieve sufficient contact. The parameters used for the
oscillatory sheer were as follows: frequency 1.0 Hz, temperature 235 °C, strain amplitude
150 %. and sample was oscillatory sheered for 30 min. The sample was quenched to room
temperature after the sheer experiment was performed.
Wide angle x-ray powder diffraction (WAXD) patterns were recorded using
XTert pro PANalytical operated at 45 Kv and 45 niA using Cu Kc radiation, wavelength
was 1 .54 A. The diffraction pattern was acquired for 26 angle between 1 .5 and 70 using
X'Pert data collector v2.0e. The data was analyzed and unit cell parameters obtained
using powder x-ray data analysis program.
Viscosity data were collected using cannon ubbelohde viscometer No. 1 D38 at 22
°C in acetonitrile. The dynamic light scattering apparatus used is fully described
elsewhere.' Polymer samples for the DLS were prepared by dissolving 3.0 mg niL in
different solvents by sonication. The solutions were filtered through 0.45jim Acrodisc
PTFE filters. DLS correlation functions were collected at two angles 90 and 45 and later
is reported and the data collected based on three cycles. The coiTelation function data
treatment showed essentially the same hydrodynamic radius at the two angles.
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6.3 Synthesis of terpy Ligands
6.3.1 Synthesis of 2,2':6',2"-terpyridine (1)^
4
To 2L rbf equipped with stimng bar. 2-acetylpyridine (AP) (100 g, 825.5 mmol),
DMF dimethylacetal (120 g, 1007 mmol), and toluene (500 mL) were transferred. The
flask was attached to fractional distillation column with Vigreux column vacuum jacketed
to the collecting flask. The flask was placed in an oil bath at 130 '^C. The solution was
refluxed to remove the methanol byproduct by fractional distillation and collected in the
collecting flask. The dark yellow to red viscous solution was allowed to cool to ambient
temperature and soh ent was removed by rotary evaporator. Cyclohexane was added to
the remaining solution to precipitate y^(dimethylamino) vinyl 2-pyridyl ketone
(DMAVP) as yellow ciystals which were isolated by filtration and dried under suction in
the air, 49.9 g, 34% yield. The yellow crystals were characterized by 'H-NMR (CDCI3): 6
= 8.61 (d,J=4.7Hz, IH), 8.16 (d.y= 8.4 Hz, IH), 7.89 (d,J= 14.9 Hz, IH). 7.81 (dt, J
= 1.66 Hz, 7.6 Hz. IH), 7.36(m. IH), 6.47 (d,J= 12.1Hz, IH), 3.23 (s, 1H),2.72 ppm (s,
IH). In a 2L rbf, potassium tert-butoxide (62.5 g, 556.8 mmol) was added to anhydrous
THF (1000 mL) and AP (33.7 g, 278.4 mmol) was added to the mixture at room
temperature which was stiiTed for 2h at room temperature. DMAVP (49 g, 278.4 mmol)
was added to the light beige mixture to become deep red in color after 2 min, the mixture
was stirred for another 14 h followed by addition of excess solid ammonium acetate
(214.6 g, 2784 mmol) followed by 500 mL of glacial acetic acid turning the mixture into
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dark red solution. The flask was then attached to a condenser and refluxed for 1 h. The
condenser was removed and a distillation head was connected to the flask and THF was
slowly distilled off the solution over 6 h. After the removal of THF and acetic acid, black
oil was obtained. The black oil was mixed with 1.5 L of water and neutralized with
sodium carbonate til the effervescence ceased. The mixture was extracted with DCM
(6xlL) the organic layer combined and the solvent was removed by rotary evaporator to
give black residue. The residue was dissolved in 2 L of toluene passed through celite. the
resulting black solution concentrated and passed through neutral alumina column (4.5x15
cm). The resulting black solution was concentrated and 1 L of hexane was added (black
oil was first dissolved in a little ofDCM and then mixed with hexane). The hexane dark
brown solution was crystallized and charcoal was used to remove any coloration and
resulted in no precipitate. The solution was concentrated to 600 mL and cooled in the
refrigerator at -20 °C to give a off white solid after 3 h, the solid was filtered, and dried
over night at room temperature to give 2,2':6\2'' terpyiidine. 25 g, 39 % yield. 'H-NMR
(CDCh) d= 8.72 (d, J= 5.74 Hz, 2H, H6.6 8.64 (d, J= 7.89 Hz, 2H, H3.3- ), 8.47 (d,y =
7.17 Hz, 2H. H3
.5 ). 7.98 (t,y= 8.61 Hz, IH. H4 ), 7.9 (m, 2H, H4.4- ), 7.37 (m, 2H, H5.5 ).
6.3.2 Synthesis of 4'-Chloro-2,2':6',2"-terpyridine (2)'
CI
In 3.5 L rbf equipped with stimng bar, NaH (24.5 g. 612.0 mmol of 60 wt %
dispersion in oil) was dispersed in 400 mL dimethoxy ethane with stining. In separate
beaker acetone (9.0 mL, 122.4 mmol) was mixed with 2-ethylpicolinate (55.5 g, 367.2
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mmol) and carefully added to the NaH white suspension. The mixture was stin-ed
carefully till fomiation of yellow orange mixture with sudden effer\'escence. (note: care
should taken to choose the right flask size because the vigorous nature of the reaction
with NaH and the rate of stimng since a high stining rate might lead to a more intense
reaction and the lose of materials due to bubbling over. The previous reaction was
repeated three more times using the same amounts of different reagents to bring the total
2-ethylpicolinate amounts to 222 g. The two batches were combined and refluxed for 6 h
after which the orange mixture was allowed to cool to room temperature and solvent was
removed by rotaiy evaporator. The orange solid was dissolved in 2 L of water, filtered
through celite and washed with water. The dark brown solution obtained was neutralized
by HCl solution to a pH of 7 in combination with a pH meter. Upon neutralization, a
yellow solid was precipitated and filtered, washed with water, and dried in air under
suction to give 1.5-bis(2"-pyridyl)pentane 1,3,5-trione (BPPT) in 56 g, 43 % yield. 'H-
NMR (CDCI3) d= three tautomeric protons at 15.95 (bs, IH, OH, minor in population),
15.32 (bs, IH, OH, minor in population), and 14.58 (bs, IH, OH, major in population),
8.67 (d. J= 4.98, 2H, H6.6 ), 8.00 (d, J= 7.75, 2H, W^y Y 7.84 (dd, 7 = 7.7, 1.69. 2H,
H4.4 ), 7.45 (m, 2H, H5.5 ), 6.80 (s, IH, CH, allylic proton). In a 2 L flask, the BPPT (55
g, 205.23 mmol) was combined with ammonium acetate ( 1 10.7 g, 1 .44 mol) and
dissolved in absolute ethanol (1 .4 L). the mixture was refluxed for 12 h after which the
brown solution was concentrated to a viscous brown oil and diluted in DCM then the
solution was poured into 3 L of water to give 2,6-bis(2'-pyridyl)-4-pyTidine (BPP) as
white solid. The white solid was filtered and dried in air under suction, 30 g, 59 % yield.
'H-NMR (CDCI3) 5= 12.16 (bs, IH, NH), 8.78 (d, J= 5.0, 2H, H6.6 ) 7.95 (d, 7= 8.08,
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2H, H3,3 ). 7.87 (dd, J= 7.6, 1.68, 2H, H4.4 ), 7.46 (m, 2H, H5.5 ), 7.29 (s, 2H, H3 .5 ). The
BPP solid obtained (30 g. 121 mmol) was combined in 1 L rbf with PCI5 (63 g. 302
mmol) and mixed with 500 g of POCI3. The mixture was refluxed for 48 h to give light
brown mixture of chocolate like color. The solvent was completely removed by rotary
evaporator to give Dark brown solid which was neutralized by KOH solution to
precipitate light brown solid which was extracted with DCM (4x300 mL) and dried over
anhydrous MgS04. MgS04 was removed by filtration, the filtrate was concentrated to
dryness to give the 4'-Chloro-2.2':6',2"-teipyridine as dark brown solid. The product was
crystallized from methanol and finally purified by sublimation to give white solid. 1 8.5 g,
57% yield. 'H-NMR (CDCI3) S= 8.71 (dd,y=4.74, 0.83, 2H, H6,6 ), 8.6 (d, 7 =8.1
,
2H, H3.3 ). 8.48 (s, 2H, H?
.5 ), 7.87 (dd, J = 7.73. 1.62, 2H. H4.4 ). 7.36 (m, 2H, H5.5 ).
6.4 Synthesis of terpy Functionalized Compounds
6.4.1 Synthesis of 5-([2,2';6',2"l-Terpyridine-4'-yloxy)-pentylamine (3)"*
NH,
\
To a suspension of potassium hydroxide (KOH) (2.0 g, 35.6 mmol) in diy
dimethylsulfoxide (DMSO) (30 mL) was added 5-aminopentane-l-ol (770 mg, 7.47
mmol). The suspension was stirred at 60 "C for 30 min in an oil bath, followed by
addition of 4'-chloro-2,2':6'\2'"-teipyridine (2.00 g, 7.47 mmol). The reaction continued
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stiiTing at 60 °C for 37 h. The reaction mixture was removed from the oil bath, allowed to
cool down to room temperature, poured into 400 mL of water, stin-ed. and allowed to
stand to precipitate for 3 h. The yellow solid was filtered and dried under vacuum to give
2.0 g of 83 % yield. 'H NMR (300 MHz, CDCl.v). 5 = 8.709 ppm (d, 2H, pyridine, J =
4.521 Hz, H6.6 ). 8.690 ppm (d. 2H. pyridine. J = 8.289 Hz. H3.3 ), 8.021 ppm (s, 2H,
pyi-idine, Hj
.5 ). 7.850 ppm (dt, 2H, pyridine, J = 1.507 Hz, 1.507 Hz, 2.261 Hz, H4.4 ).
7.339 ppm (td, 2H, pyridine, J = 6.028 Hz. 6.028 Hz. H5.5 ). 4. 1 87 ppm (t. 2H. OCH2. J =
6.782 Hz, 6.028 Hz), 2.730 ppm (t, NHCH:, J= 6.782 Hz, 6.028 Hz), 1.840 ppm (t, 2H,
CH2. J= 6.782 Hz, 6.782 Hz), 1 .462 ppm (m, 6H, CH., NH2).
6.4.2 Synthesis of 4'-hexadecyloxy-2,2':6',2"-terpyridine (4)^
To 100 mL round-bottom flask (rbf). 1-hexadecanol (4.53 g, 18.70 mmol) and
KOH (5.24 g, 93.40 mmol) were dissolved in dry DMSO (40 mL) and heated in an oil
bath at 60 ^C. After 30 minutes, 4'-Chloro-2,2':6',2"-tei-pyi-idine (5.00 g, 18.70 mmol) was
added to the mixture and heating continued for 48 h. The product was obtained by
pouring the cooled mixture into 2 L of water and vigorously stin'ed for 3 h. The solid
white product was then filtered and dried under vacuum at room temperature ox emight.
To remove the unreacted 1-hexadecanol. the product was dispersed into 200 mL hexane
which dissolved 1-hexadecanol only. The white product was filtered, washed with
hexane, and dried under vacuum for 48 h at room temperature. Yield was 6.79 g (77 %).
'H-NMR (CDCI3) S= 8.68 ppm (d, 7 = 4.6 Hz, 2H, H6.6 ), 8.61 (d, J= 8. 1 8 Hz. 2H.
O'
130
His), 8.00 (s, 2H. H3 .5 ), 7.85 (dd, J = 1.88 and 7.67, 2H, H4.4 ), 7.35-7.28 (m, 2H, H5.5 ),
4.2 (t,y= 6.45 Hz. 2H, CH.O), 1.84 (m, 2H, CH.), 1.49 (m, 2H, CH:), 1.43-1.16 (m,
24H, 12xCH2),0.87 (t, 7= 6.53 Hz. 3H. CH?). 'T-NMR (CDCI3) 167.47, 157.03,
156.23, 149.12, 136.85, 123.77, 121.36, 107.49, 68.26. 32.02. 29.72. 29.61, 29.59. 29.38,
29.34, 29.05, 25.97, 22.71. and 14.06 ppm. Elemental analysis C %, H %. and N % calcd
78.60, 9. 1 5. and 8.87, obsd 78.43, 9.37, and 8.86. MS-ESl [M+H]^ = calcd 473.69 Da,
obsd 474.5. Da.
6.4.3 Synthesis of 4'-(monomethyIether polyethylene glycol oxy)-2,2':6',2"-
terpyridine (5)"*
In 250 mL rbf, KOH (4.2 g , 75 mmol) and MeO-PEGs-OH (5.23 g, 14.94 mmol)
were mixed in 40 mL dry DMSO. The mixture was heated at 70 for 30 min before 4'-
Chloro-2,2':6',2"-terpyridine is added (4.0 g, 14.94 mmol). The yellow mixture was
heated for a total of 48 h, cooled to room temperature and poured into 1.5 L of water. The
product was extracted in DCM (3x300 mL), the organic layers were combined, dried over
anhydrous MgS04. filtered, and the solvent was removed by rotary evaporator to give
light yellow oil. 8.42 g, 97 % yield. 'H-NMR (CDCI3) S = 8.66 (dd. J = 4.7 ,2H, Ho ^ ),
8.59 (d, J = 7.93, 2H. H3.3 ), 8.02 (s, 2H. H3 .5 ). 7.87-7.78 (dd , J = 7.61. 1.8 Hz, 2H,
H4.4 •). 7.3 (m, 2H. H5.5 ), 4.38 (t. J = 5.08, 2H. CH.O), 3.91 (t, J = 4.69. 2H. CH2CH2O),
3.8-3.44 (m, 16xCH2)3.36 (s, 3H, CH3O), 3.34 (m, 2H CH2). ''C-NMR (CDCI3) S=
167.69, 157.82. 156.62, 149.78, 137.60, 124.69. 122.02. 108.1 1. 73.49, 72.61. 71.65,
131
7 1 .34, 71.25.71.16,71 .00, 70. 1 3, 68.5 1 . 62. 1 5, and 59.69 ppm. This molecule serves as a
precursor for comlpex 12.
6.4.4 Synthesis of 4'-(5-(2-butyroamido)-pent-oxy) 2,2':6',2"-terpyridine (6)^ ^
In 100 mL rbf equipped with stirring bar, MB (75 |iL, 0.69 mmol), HOBT (115
mg, 0.75 mmol), and DCC (155 mg. 0.75 mmol) were all dissolved in 4 mL dry DMF
and the acid was activated for 3 h with stirring. Compound 3 (250 mg, 0.75 mmol) in 3.5
mL DMF was then added and the mixture was stirred for 48 h at ambient temperature.
Dicyclohexylurea white precipitate was filtered from the mixture, the filtrate was poured
into 200 mL saline solution and extracted (3x200 mL) DCM. The collected organic layer
was dried over MgSOa and the solvent was removed to obtain 166 mg of white solid. 58
% yield. 'H-NMR (CDCI3) 5 = 8.66 ppm (d. J = 4.0 Hz. 2H. Hg.e ). 8.60 (d. J= 8.05 HZ,
2H, H3.3 ), 7.98 (s, 2H, H3 .5 ), 7.83 (dd.y= 1.57, 7.66 Hz, 2H, H4.4 ), 7.31 (m. 2H.
H5.5- ), 5.67 (b, IH. N//), 4.20 (t, 7 = 6.22 Hz, 2H, CH:0), 3.74 (m, 2H, C/Z.^NH), 2.05
(m. IH. C//CO), 1.85 (m. 2H, C//.CH), 1.74-1.30 (m, 6H, CH2CH2CH2). 1.10 (d. 7 =
6.57
,
3H, CHiCW). 0.87 (t, J = 7.55. 3H. C//.^CH2). 'T-NMR (CDCI3) S= 176.56,
167.30. 156.99, 156.03. 149.01, 136.96, 123.94, 121.45, 107.44, 67.99,43.33,39.20,
29.43. 28.66, 27.42, 23.44, 17.67, and 12.05 ppm.
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6.4.5 Synthesis of N-|(5-(12,2';6',2"]-terpyridine-4'-yloxy)-pentyll -4'-vinyl-
To a clean, dry round bottomed flask, 1 -hydroxybenzotrizazine (HOBT) (504 mg,
3.29 mmol), dicyclohexylcarbodiimide (DCC) (680 mg, 3.29 mmol) were transferred
along with 5 mL of dimethylformamide (DMF). The mixture was stirred in an ice bath till
all the solids have dissolved, hi a separate vial 4-vinylbenzoic acid was dissolved in 3 mL
ofDMF (minimum amount) and added to the HOBT/DCC solution at 0 '^C. The reaction
was stirred for 30 min. A solution of 3 ( 1 .0 g, 2.994 mmol) in DMF (12 mL. minimum
amount) was added to the activated acid solution and stin^ed for 48 h. The white
precipitate of dicyclohexyulurea (DCU) was removed by filtration directly into a
separating fimnel. Saturated NaHC03 (500 niL) solution in water was added to the light
brown solution to form white suspension. The monomer was extracted in ethyl acetate,
washed several times with water, dried over anhydrous magnesium sulfate and filtered.
The monomer was obtained by removal of the solvent followed by crystallization in
ethylacetate to give 1.12 g white solid of 80% yield. 'H-NMR (300 MHz, CDCl.O, S=
8.675 ppm (d, 2H, p>Tidine, 7 = 3.768 Hz. H6.6 ), 8.600 ppm (d, 2H, p>Tidine, J= 8.289
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Hz, H3..V). 8.005 ppm (s. 2H, pyi'idine, H?
.5 ). 7.850 ppm (dt, 2H. Pyridine, J = 2.261 Hz,
2.261 Hz. 1.507 Hz, H4.4 ), 7.74-7.84 ppm (d, 2H, benzene, J = 8.289 Hz, 2xCH), 7.45
ppm (d. 2H, benzene, J = 8.289 Hz. 2xCH). 7.32 ppm (2H. pyridine. J = 1 .507 Hz. 1 .507
Hz, 1.507 Hz, H5.5 ), 6.67-6.77 ppm (IH, vinyl) J = 1 1.303 Hz, 10.549 Hz), 6.19 ppm (s,
IH, N-H) 5.8-5.78 ppm (d, IH, vinyl. 7= 18.084 Hz), 5.35-5.31 ppm (s. IH, vinyl, J =
10.549 Hz). 4.27-4.23 ppm (t. 2H, CH., J= 6.028 Hz. 6.028 Hz). 3.53-3.47 ppm (q, 2H.
CH:.y= 7.535 Hz, 6.782 Hz, 7.535 Hz), 1.92-1.56 ppm (m. 6H, CH.). 'T-NMR (400
MHz. CDCI3), 5= 167.22, 157.07, 156.13, 149.01. 140.46. 136.84. 135.99, 133.80,
127.21, 126.29, 123.85, 121.39. 115.77, 107.39, 68,39,29.32,28.64,23.51 ppm. IR
(KBr) Vc^o= 1626 cm"'. Vco-nh= 3309 cm"'. ESI-MS spectrum [M+l]^calcd= 456.56,
obsd. = 465.3.
6.4.6 Synthesis of (Ir(terpy)Cl3] monocomplex (8)^
In 100 mL rbf equipped with stirring bar. 2.2':6',2"-terpyridine (938 mg, 4.02
mmol). hydrated IrCl? ( 1.2 g, 4.02 mmol) were mixed in 72 niL of degassed ethylene
glycol. The flask was wrapped with aluminum foil to protect it foiTn light, attached to a
condenser, and placed in an oil bath at 160 "C. The mixture was heated for 25 min under
stream of dry N2 gas in the dark. A red precipitate was formed in a red solution which
was cooled in an ice bath, filtered, washed with ethanol (3x10 mL). water (3x10 mL). and
ether (3x1 OmL). The solid was dried under vacuum at room temperature to give 0.75 g,
CI
I
CI
CI
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39% yield. 'H-NMR (DMSO-do) S = 9.2 (dd, J = 5.86 Hz, 2H, H^.c ), 8.78 (d, 2H, H3.3 ,
y = 8 Hz): 8.74 (d, 2H. H?
.5 , ^ = 8 Hz); 8.34-8.20 (m, 3H, H4.4 .4 ): 7.98 (ddd, 2H, H5.5 ,
J = 6Hz, H5).
6.4.7 Synthesis of IIr(terpy)2]^'^ model complex (9)^
In 50 mL rbf equipped with stirring bar. [Ir(terpy)Cl3], 8 (102 mg, 0.19 mmol) and
compound 6 (80 mg. 0.19 mmol) were mixed in 5 mL of degassed ethylene glycol. The
flask was attached to a condenser and the mixture was heated in an oil bath at 180 '^C in
the dark under a stream of N2 gas for 20 min. while in the dark, the flask was removed
from the oil bath and allowed to cool down to ambient temperature. A saturated aq.
Solution of NH4PF6 was added to the solution to precipitate a yellow solid. The solid was
filtered, washed with water (3x20 mL). methanol (3x 20 mL). and ether (3x20 mL) and
allowed to dry under vacuum, 70 mg, 29% yield. 'H-NMR (DMSO-de) 5 = 9.2 1 ppm (d,
J= 8.99 Hz. 2H, H3
.5 of non-substituted teipy), 8.95 (m, 5H. H4 +H3 ,5 ). 8.90 (m. 2H).
8.3 1 (t, y, = 8.15, 4H, H4.4 ), 7.89 (d, J = 5.4, 2H, H6.6 ). 7.78 (d. J = 5.54, 2H. H^.c of
non-substituted terpy). 7.53 (m. 4H, H5.5 ), 5.67 (b. IH. N//). 4.57 (t. J= 6.34 Hz. 2H,
C//jO), 4.00 (b, 2H, C//:NH). 2.15 (m. IH. C//CO). 2.01 (m. 2H. C//:CH). 1.70-1.20 (m,
6H, CH:CH:CH:), 1.00 (d,y= 6.2Hz, 3H, C//jCH). 0.82 (t. .1 = 7.30, 3H, CH^CHz). 'T-
135
NMR (CDCh) d = 176.82, 171.79, 159.51, 159.43. 156.42, 155.86. 154.68, 154.40,
144.40, 143.88. 143.77. 130.85. 128.39, 128.19, 127.92. 114.74. 11 - 68. 72.28,42.85,
39.40. 30.39. 29.28. 28.24, 24.13, 19.1 1. and 13.26 ppm. MS-ESI [M-PFef = calcd
1134.19Da,obsd 1134.2 Da.
6.5 Synthesis of [Ru(terpy)2]"^ complexes
6.5.1 Synthesis of [Ru(terpy)2l^^ complex with Ci6-alkyl group (10)'^
NH2
To 1 L rbf. RUCI3.3H2O (2.0 g. 7.65 mmol) and compound 4 (3.62 g, 7.65 mmol)
were mixed with 600 mL of absolute ethanol. The dark brown mixture was refluxed until
a dark yellow solid fonned in brown solution (24 h). The brown mixture was
concentrated and filtered to obtain ruthenium (II) hexadecyloxyterpyridine chloride as
yellow solid (89% yield). The dry yellow solid was then mixed with AgBFa (2.76 g, 14.19
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mmol) in 800 mL acetone. This mixture was refluxed for 6 h, allowed to cool to room
temperature, and solvent was removed till dryness. The resulting dark green solid was
dissolved in 700 mL n-butanol and filtered to remove the white AgCl solid. The dark
gi-een solution was mixed with compound 3. The mixture was refluxed for 48 h to obtain
complex 10 as a red solid. The red solid was filtered, washed with n-butanol and dried
under vacuum at ambient temperature for 48 h. The complex was obtained as the
tetraflouroborate (BF4") salt and the amine group as an ammonium salt due to the
oxidation of n-butanol. Yield was 85 %. To convert the complex counter ion to
hexaflourophosphate (PF6'). the red solid obtained was dissolved in excess ethanol and
saturated aq. NH4PF6 solution was added to the mixture with stirring for 24 h, at which
point, the complex was filtered and dried at ambient temperature for 48 h. The complex
was neutralized { due to the primary amine salt) by using DIEA in DMF solution and
adjusting the pH of the complex to ~ 10 just before adding it to the activated PAA during
the synthesis ofPHBTA or PBTA polymers. 'H-NMR (DMSO-d^). 5 = 8.85 (d, J =
8.15 Hz. 4H. H3.3 ). 8.77 (s, , 2H. H3
.5 ). 8.74 (s, 2H, Hsb .sb ), 7.98 (t. J = 7.44 Hz, 4H,
H4.4 ), 7.72 (broad s, 3H, NH3') 7.50-7.36 (m, 4H, H6.6 ), 7.29-7.16 (m, 4H. H5.5 ). 4.51
(m. 4H. 2XCH2), 2.87 (t, J= 7.34 Hz, 2H, CH.), 2.04-1.9 (m, 2H, CH;), 1.77-1.10 (m,
28H, UxCH:), 0.83 (t, J= 6.17 Hz, 3H, CH3), "C-NMR (DMSO-d^) 5 = 166.06,
165.97. 158.59, 158.55. 156.35, 156.33, 152.64, 152.59, 138.19, 128.12, 125.05, 125.01,
1 1 1.67, 70.24, 70..4, 31.77, 29.57, 29.55, 29.49, 29.24, 29.19, 29.00, 28.49, 27.24. 26.04,
22.98, 22.56, and 14.41 ppm. MS-ESI [M- PF6T' = calcd 1054.33 Da, obsd 1054.4 Da.
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6.5.2 Synthesis of [Ru(terpy)2l complex without Ci6-alkyl group (11)
The same procedure as described above for complex 10 should be followed with
the exception of using 2,2':6',2"-terpyridine instead of compound 4. 'H-NMR (DMSO-
d,) 5= 9.07 (d, 8.26 Hz, 4H), 8.93 (d, J= 8.03 Hz, 2H), 8.84 (s, IH), 8.81 (s, IH),
8.49 (t, J= 8.26 Hz, IH), 8.04 (m, 4H), 7.52 (d, 7= 5.14 Hz, 2H), 7.49 (broad s, 3H,
NH3^). 7.37 (d. J= 4.88, 2H), 7.30-7.19 (m, 4H), 4.59 (t, J= 6.43 Hz, 2H). 2.89 (t, 7 =
7.10 Hz, 2H), 2.02 (m, 2H), 1.85-1.54 (m 4H).'-C-NMR (DMSO-de) 5 = 167.36, 159.31,
159.25, 156.78, 156.66, 153.61, 153.32. 139.36, 139.26, 136.60, 129.09, 126.16, 125.80,
125.27, 112.72, 71.04. 41.69, 29.34. 28.07, and 23.89 ppm. MS-FAB [M- H]^ = calcd
959.68 Da, obsd 960.126 Da.
6.5.3 Synthesis of [Ru(terpy)2l^^ complex with PEG group (12)
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In 2 L rbf equipped with stirring bar, RUCI3.3H2O ( 1 .94 g, 7.42 mmol),
compound 5 MeO-PEGs-Oterpy (4.3 g, 7.42 mmol) were dissolved in 840 mL ethyl
alcohol. The flask was placed in an oil bath and refluxed for 10 h. The light yellow solid
obtained was filtered, washed w^ith cold ethanol, ether, and dried under suction in air.
5.85 g. 100 % yield. In a 2 L rbf, the monocomplex [Ru(teipyO-PEGs-OMe)Cl3] yellow
solid (5.85 g, 7.42 mmol) was combined with AgBF4 (2.6 g, 13.34 mmol) and dissolved
in 750 mL acetone. The mixture was refluxed for 24 h to form a black to brown mixture
from which acetone was removed by rotary evaporator till dryness to give MeO-PEGs-
OterpyRu( acetone )3. The solid obtained was dissolved in 1-butanol (500 mL), filtered to
remove AgCl solid and washed with 1-butanol (250 mL). The gi'een solution of MeO-
PEG8-OterpyRu(acetone)3 in 1-butanol was combined with compound 3 (1.97 g. 5.9
mmol) in a ratio of 1 :0.8 (MeO-PEG8-OterpyRu(acetone)3 : compound 3). This ratio can
be extended to a ratio of up to 1:1. This ratio was chosen so that the excess MeO-PEGg-
OterpyRu(acetone)3 would still be soluble in 1-butanol after complex formation which
can be easily isolated from the final solid complex by filtration. The mixture was refluxed
for 48 h to give the product as a red solid which was isolated by filtration, washed with 1-
butanol, and dried under vacuum at room temperature. 3.656 g, 42 % yield. 'H-NMR
(CD3CN) S= 8.55 (d, J = 8.26, 2H, H3.3 ) 8.50 (d, 7 = 8.26, 2H, H3b.3b ' of the second
terpy), 8.37 (s. 4H, H3
.5 ), 7.87 (dd,y = 6.2 , 4H. H4.4 ), 7.39 (bd, 4H, He,.^ ), 7.14 (bd,
4H, H5.5 ), 6.91 (b, 3H, NH3), 4.67 (bt. 2H. CH2), 4.55 (bt, J = 5.47, 2H, CH.), 4.04 (bt,
2H, CH2), 3.78 (bt, 2H, CH.). 3.73-3.4 (m, , 14H, I2XCH2), (bt. 2H, CH2). 3.28 (s. 3H.
CH3O), 3.09 (bt, J= 6.1, 2H, CH2), 2.02 (b. 2H, CH2), 1.8 (b, 2H. CH.). 1.7 (b. 2H. CH2).
13C-NMR(CD3CN) S = 166.95, 166.73, 159.28. 159.20, 157.38, 157.32, 153.43,
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153.39, 138.67. 138.64, 128.37, 128.30, 125.39, 125.30, 111.97, 72.45. 71.45, 70.99 (8
signals), 69.87, 58.96. 41.04, 30.85. 28.88, 27.51. 23.55 ppm. MS-FAB [M-
4xCH2CH2)]^ 1226.4 Da. Although this complex was nnot studied in this thesis, the
synthesis was documented in this section as a guide for our group and the complex and its
homopolymer with PAA is under current study.
6.5.4 Synthesis of tetra-arm PEBr4 star initiator (13/''"
In 250 mL rbf. PE (3.29 g, 24.16 mmol) was dissolved in 90 mL THF and placed
in ice bath. TEA (15.2 mL mg. 108.74 mmol) was added. The flask was attached to a
sealed dropping funnel containing BMPB (25 g. 108.74 mmol) dissolved in 40 mL of
THF under stream on N2 gas. The BMPB THF mixture was added dropwise to the
PE/TEA in THF solution with vigorous stimng. A white suspension formed once the
BMPB solution was added, stirring coiitinued for 24 h. 300 mL of water was added to the
yellow mixture and extracted with ether (200x3 mL). The organic layer was collected,
washed with water (200x2 mL), sat. aq. NaHCO? (200x2 mL). water, dried over MgSOa.
and filtered. The yellow solution was concentrated and 150 mL of hexane was added to
isolate the product upon cooling. A white precipitate was obtained which was filtered and
dried under vacuum overnight. Yield 14 g, 79%. Characterization 'H-NMR (CDCI3) S =
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4.33 ppm (S. 2H, CH.), 1.94 (S, 6H, 2XCH3). ''C-NMR (CDCI3) S=\7\, 62.98, 55.53,
43.73, 30.73 ppm. Elemental analysis C%, H%. and N% calcd. 34.45. 4.41. and 43.66.
Obsd. 34.26. 4.28. and 43.6. MS-ESI [M+Na^ calcd. 755.09, obsd. 755.00.
6.5.5 Synthesis of 2-(2-cyanopropyl)dithiobenzoate (CPDB) RAFT chain transfer
agent (14)-'-^-'-^^
^
In a 250 mL rbf equipped with a stining bar. sulfur powder (10.8 g, 336.3 mmol)
was mixed with a solution of sodium methoxide NaOCHs (71 niL, 3 1 1 mmol of 25 wt %
in methanol; prepared by mixing 7.36 g sodium metal small pieces with 13 mL methanol,
wait until all pieces react each at a time, and diluting the solution with 64.5 mL
methanol). The flask was then attached to a dropping funnel contaimng benzyl bromide
(18 mL, 151.33 mmol). The benzyl bromide was added to the sulfur/NaOCH3 mixture
dropw^ise over 1 h to form a deep red mixture with vigorous stining under a stream of N2
gas. After complete addition of benzyl bromide, the dropping funnel was replaced with a
condenser equipped with CaH: tube in top, the deep red mixture was refluxed for 1 8 h.
The mixture was allowed to cool to room temperature, filtered to remove NaBr salt, and
the solvent was removed from the filtrate by rotary evaporator till di">iiess to give red
viscous mixture. The mixture was dissolved in 250 mL water and 400 mL of diethylether
was added. Dilute HCl solution was added to the water/ether layers that were kept in
contact in the dropping funnel till the aqueous layer became colorless. The organic layer
was separated after extraction, washed with water (3x200 mL), and dried over anhydrous
MgS04. The diethylether red solution was filtered, and combined with 300 mL of
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diethylamine to precipitate ammonium dithiobenzoate red solid. The red mixture was
cooled at -5 overnight, filtered and dried in air under suction. 18.6 g, 49 % yield. The
dark red diethylammonium dithiobenzoate solid (18.6 g, 82 mmol) was dissolved in 100
mL ethanol and iodine solution (21 g. 82 mmol) solution in 250 mL ethanol was added at
-5 "C over 1 .5 h with vigorous stirring. A pink precipitate appeared after 10 min of iodine
addition. After complete iodine solution addition, the bis(thiobenzoyl)disulfide) formed
red solid was collected by filtration, washed carefully with ethanol and dried at room
temperature overnight under vacuum. 8.64 g, 69 % yield. In a 250 mL rbf,
bis(thiobenzoyl)disulfide (3.0 g. 9.8 mmol) was mixed with 2.2'-azobis(isobutryonitrile)
(2.42 g, 14.7 mmol) in 50 mL ethylacetate. The mixture was refluxed for 49 h, the red
mixture was allowed to cool to room temperature, solvent was removed by rotary
evaporator, and the red oily residue was purified by chromatography (silica gel 60 of 230-
400 mesh size column 12" "x8"" dimensions) using ethylacetate : n-hexane 0.2:9.8 v/v; Rf
= 0.031. 2.77 g, 64 % yield of red solid. 'H-NMR (CD3CN) d= 7.91 (d, J= 7.97. 2H,
2CH phenyl), 7.56 (t, J= 7.65, IH, CH phenyl), 7.39 (t, J= 7.97, 2H, 2xCH phenyl), 1.97
(s, 6H, 2XCH3).
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6.6 Procedure for Synthesis of Polymers Containing terpy via Direct Approach
6.6.1 Synthesis of poly(S-ran-Sty,e,py) copolymer (IS/-***-*^
A mixture of the alkoxyamine initiator, AAI (5.0 mg, 0.0151 mmol), styrene ( 608
mg, 5.82 mmol), and Styxerpv, 7 (300 mg, 0.65 mmol) were degassed by three freeze-
pump-thaw cycles, sealed under Nitrogen, and heated at 125 ± 1 °C under nitrogen for 10
h 25 min. The viscous reaction mixture was then dissolved in dichloromethane (10 mL)
and precipitated (2x) into methanol (400 mL). The white precipitate was collected and
dried under vacuum at 100 ''C to give the desired copolymer, 15, as a white precipitate
(0.69 g, 66% conversion). Mn = 32.1k, PD =1.33. 'H-NMR (300 MHz. CDCIO. S =
8.60-8.62 ppm (dd, broad), 8.10 ppm (s, broad). 8.00-8.08 ppm (m, broad), 7.87 ppm (m.
broad), 6.8-7.6ppm (m, broad), 6.1-6.8 ppm (m. broad). 4.0-4.4 ppm (m, broad). 3.2-3.6
ppm (m. broad). Elemental analysis. Calculated based on 10 mol% StjTerpy : Calculated:
C% (86.34), H% (7.12), N% (3.99). Found: C% (86.23). H% (7.37), N% (4.03).
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6.6.2 Synthesis of poly(S-b-(S-ran-St} terp.v)) copolymer (16)^
'
A mixture of the alkoxyamine initiator, AAI (10 mg, 0.0307 mmol), styrene
(1.531 g, 14.651 mmol). and acetic anhydride (6.26 mg, 0.0613 mmol) were degassed by
three freeze-pump-thaw cycles, sealed under nitrogen, and heated at 125 ± 1 °C under
nitrogen for 7 h. The colorless solid was dissolved in dichloromethane (15 mL) and
precipitated (2x) in methanol (400 mL). The white precipitate was dried under vacuum to
give the desired polystyrene macroinitiator ( 1 . 1 66 g, 76%), Mn = 44 350, PDI = 1.13. the
polystyrene macroinitiator (271.8 mg, 0.00613 mmol), Styxerpy (272.4 mg, 0.59 mmol)
were dissolved in styrene (0.513 g. 2.452 mmol). The mixture was degassed by three
freeze-pump-thaw cycles, sealed under nitrogen and heated at 125 ± 1 ''C for 16 h 30 min.
the solidified reaction mixture was dissolved in dichloromethane and precipitated (2x) in
methanol (500 mL). The white precipitate was dried under vacuum at 100 ± 1 '^C to give
the desired copolymer (590 mg, 56 % conversion) Mn = 67 200, PDI = 1 .4. 'H-NMR
(300 MHz, CDCI3), S = 8.603 ppm (s, broad), 8.091 ppm (s, broad), 7.793 ppm (s,
broad), 7.040 ppm (s, broad). 6.8-6.0 ppm (m. broad). 4.162 (s. broad), 3.470 ppm (s.
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broad), 2.41-1 .00 ppm (m, broad). Elemental analysis, calculated based on 7.5 mol%
StVTerpy: Calculated: C% (87.47), H% (7.23), N% (3.19). Found: C% (87.14), H% (7.37),
N%(3.19).
6.6.3 Synthesis of Poly(MMA-b-(MMA -ran-Styterp> )) copolymer (l?)-*-^*'^^
A mixture of the RAFT chain transfer agent, 14 (40 mg, 0.181 mmol), methyl
methacrylate (9.36 g. 9.35 mmol), and AIBN (13.25 mg. 0.081 mmol) were dissolved in
benzene (3.25 mL), degassed by three freeze-pump-thaw cycles, sealed under nitrogen,
and heated at 60 ± 1 under nitrogen for 5 h. The light pink mixture was dissolved in
dichloromethane (15 mL) and precipitated (2x) in hexane (400 mL). The white pink
precipitate was dried under vacuum to give the desired co-(thiobenzoylthio) poly(methyl
methacrylate) macro chain transfer agent (2.5 g, 26.8%), Mn = 18 955, PDI = 1.13. The
(O-(thiobenzoylthio) poly(methyl methaciylate) starting block (0.5 mg, 0.0265 mmol),
AIBN (0.9 mg, 0.0053 mmol), Styreipy (156 mg, 0.34 mmol) were dissolved in methyl
methacrylate (0.6 g, 6.0 mmol). The mixture was degassed by three freeze thaw cycles,
sealed under nitrogen, and heated at 60 °C for 72 h. The pol>'merization was quenched by
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immersing the reaction mixture in liquid nitrogen. The soHdified reaction mixture was
dissolved in dichloromethane and precipitated (2x) in hexane containing 10 % v/v CCI4
(500 mL). The precipitate was dried under vacuum at 60 ± 1 '^C to give white pink solid
(1.19 g. 95% conversion). 'H-NMR (300 MHz, CDCI3), 5 = 8.700 (s, broad). 8.649 (d,
broad). 8.104 (s), 8.026 (t. broad). 7.663 (s. broad), 7.355 (s, broad). 7.106 (s, broad),
4.256 (s, broad), 3.616 (s, 3H. O-CH3), 2.091 (s
,
broad), 1.830 (s, broad), 1.592 (s,
sharp), 1.461-1.230 (mm, broad). 1.036 (s), 0.863 (s). Elemental analysis: Calculated
based on 2.5 mol % Styxerpy: Calculated: C % (61 .62). H % (7.79), N % ( 1 .28), Found:
C% (62.96). H% (7.61 ), N% (1.27).
6.6.4 Synthesis of Poly(S-b-Sty,e,py) copolymer (18)-*-^^^'
In a 100 mL polymerization tube equipped with stirring bar, styrene (1.68 mL,
14.65 mmol), alkoxyamine initiator AAI (10.0 mg, 0.031 mmol), and acetic anhydride
(6.26 mg. 0.061 mmol) were mixed and degassed by three freeze-pump-thaw cycles. The
tube was sealed and placed in an oil bath at 125 °C and heated for 7 h. the colorless solid
was cooled to room temperature and dissolved m DCM (5mL), and poured into 500 mL
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methanol to precipitate a white sohd. The process of dissolving and precipitation was
repeated two more times. The polymer was isolated by filtration, dried under vacuum at
room temperature overnight to give white solid 1.17 g. 76 % conversion. THF GPC: Mn
= 44.35 kDa, PDI = 1.13 of polystyi-ene macromitiator. 'H-NMR (CDCI3) 5 = 7.4-6.8
(bm. 3H. phenyl 3xCH). 6.7-6.2 (bm, 2H, phenyl 2xCH), 2.0-1.7 (b, IH, CH backbone),
1.6-1.2 (bm, CH2 backbone). The P(S-b-Styterpy) diblock copolymer is prepared using the
PS macroinitiator prepared in the previous step as follows. PS (Mn 44.35 kDa, 0.5 g,
0.1 13 mmol), Styterpy monomer (1.01 g. 2.12 mmol), and alkoxyamine initiator AAI (0.2
mg, 0.0006 mmol) were dissolved in 1 mL of diglyme (Bis(2-methyoxy ethyl )ether) in
1 00 mL polymerization tube. The mixture was degassed by three freeze-pump-thaw
cycles, sealed, and placed in an oil bath at 125 °C. the mixture was heated for 25 h to give
white mixture which was dissolved in DCM (2 mL) and the product was precipitated in
MeOH (500 mL) followed by addhion of 500 mL hexane to obtain the product as white
solid. ^H-NMR (300 MHz, CDCIV), S = 8.53 (b.2H). 8.47 (b, 2H), 7.88 (b, 2H), 7.69 (b,
2H) 7.17 (b. 2H), 7.05 (s, broad), 6.79-5.95 (bm, 3H), 6.58 (m, 3H), 4.256 (bs. 2H). 3.616
(s, 3H, O-CH3), 2.091 (s, broad), 1.830 (s, broad), 1.592 (s, sharp), 1.461-1.230 (mm,
broad), 1.036 (s), 0.863 (s). Elemental analysis: based on 27 mol % Styxei-py-
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6.7 Procedure for Synthesis of Polymers Containing terpy via Indirect Approach
6.7.1 General procedure for Synthesis of small molecular weight P(tBA)
homopolymers."'^
CuBr (97.93 mg, 0.683 mmol) and CuBr2 (7.62 mg, 0.034 mmol) were transferred
to a schlenck flask. In a separate vial, tert-butylacrylate (10 niL, 68.27 mmol). PMDETA
(149.85 ^L, 0.72 mmol), Methyl 2-bromopropionate (MBP) (228 mg, 1.365 mmol), and
acetone (3.33 mL, 25 vol %) were mixed and transfeired to the schlenck flask. The total
ratio used follows [tBA]
:
[MBP]: [CuBr] :[CuBr2]:[PMDETA] = 50:1:0.5:0.025:0.525
The mixture was degassed via three freeze-pump-thaw cycles stirred for few^ minutes and
placed in an oil bath at 60 '^C with stiiTing. Heating continued for 21 h. at which point the
green heterogeneous mixture was dissolved in DCM and purified by passing it twice
through a neutral alumina column. The product was precipitated in 10-fold excess of
cooled 50 % aq. MeOH solution. The white sticky product was collected and dried under
vacuum overnight at room temperature. 9.9 g, monomer conversion was 99%. The
polymer had Mn = 7.3 kDa and PDl = 1 . 1 1 . 'H-NMR (CDCI3) showed a sharp signal for
the tert-butyl group (s. S= \ .5 ppm) and two broad signals for the polymer -CH: and -CH
backbone protons {S= 1 .85 ppm and <5= 2.35 ppm).
0
0 o
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6.7.2 General procedure for synthesis of high molecular weight P(tBA)
homopolymers.
Same procedure for the synthesis of small molecular weight P(tBA) is used with
the exception of not including 2.5 % of CuBr: in the polymerization of tBA monomer.
6.7.3 General procedure for deprotection of P(tBA) block
The P(tBA) was placed in a 500 mL rbf and dissolved in 250 niL of CHCI3. TFA
(5-10 mol eq.) was added to the polymer solution with vigorous stirring. After 24 hr, the
white mixture was rotavapped and poured into cold hexane to precipitate a white solid.
The polyacrylic acid (PAA) product was dried under vacuum at room temperature
overnight. Conversion was quantitative based on ^H-NMR (DMSO-de) <J = 12.11(b), 2.2,
1.92-1.16 (bm) ppm, 'T-NMR (D.O) S = 179.79, 42.56. and 35.35 (bm) ppm. and FTIR
(CO ofCOOH group) at v = 1708 cm"'.
6.7.4 General procedure for synthesis of PS-Br or Br-PS-Br macro-initiators.*^ '^
This procedure is for the synthesis of polystyrene macro-initiator used to prepare
P(S-b-tBA) diblock copolymer. The desired polymer molecular weight can be obtained
by careful choice of the ratio of [l-PEBr]:[S]. hi a typical mn, CuBr (312 mg. 2.18 mmol)
and styrene (9.09 g, 87.00 mmol) were mixed in 250 mL rbf equipped with stimng flask
followed by addition of a premixed PEBr (297 ^L, 2.18 mmol) and PMDETA (454 |iL,
2.72 mmol) solution in a ratio [Sty]:[ 1 -PEBr]: [CuBr]: [PMDETA] = 40:1:1:1. The
mixture was degassed three times with freeze-pump-thaw cycles and transfen^ed into an
oil bath at 90 "^C. Heating continued for 1 h after which the brown mixture was allowed to
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cool to ambient temperature, poured into 500 niL methanol, filtered and purified by
passing through neutral alumina column in DCM. The polymer was re-precipitated in
methanol after solvent removal, filtered and dried under vacuum over night. Conversion
39%, 3.52 g. GPC {THF, ImL/min, vs. PS standard) Mn = 2.00 kDa. PDI = 1.14. 'H-
NMR (CD.,C1) 5^1.\ (bm, 3H, phenyl), 6.59 (bm. 2H, phenyl), 4.6-4.3 (b, IH, C//Br),
2.56-1.7 {bm, IH x n, C//CH:), 1.45 (bm, 2H x n, C//CH), 1.05 (bm, 3H, C//jCH of end
group initiator), where n = 1 7 of average degree of polymerization of PS block (Mn =
1.77 kDa) obtained from NMR. hi order to prepare Br-PS-Br difunctional polystyrene
macro-initiator, the con^esponding initiator (DMDBHD) should be used
6.7.5 General procedure for synthesis of PSBr4 tetra-arm star polymer.^''"^^
This procedure is for the synthesis of tetra-ann star polystyrene macro-initiator
used to prepare P(S-b-tBA)4 star copolymer, the desired polymer molecular weight can
be obtained by careful choice of the ratio of [PEBr4]:[S]. In a typical run, PEBr4 tetra-
ann star initiator (100 mg, 0.14 mmol). CuBr (78.4 mg, 0.55 mmol), and bipyridine bpy
ligand (256 mg, 1 .64 mmol) are mixed in 250 rbf equipped with stirring bar with styrene
(18.85 mL. 164 mmol) in a total ratio of [S]:[PEBr4]:[CuBr]:[bpy] = 1200:1:4:12. this
translates to 300: 1:1:3 per initiating site or ann of the initiator. The flask is sealed and
degassed via three freeze-pump-thaw cycles to remove oxygen. The flask is then placed
in an oil bath at 100 °C. the mixture was heated for 12 h 35 min to give dark
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heterogeneous green viscous mixture which was quenched in Hquid N2, dissolved in
DCS, and poured into 1 L ofMeOH to give whit green solid. The product was purified by
passing through a neutral alumina column using DCM as eluent. The DCM solution is
concentrated and the product is precipitated in MeOH, filtered, and dried under vacuum
over night at room temperature to give white solid, 6 g, 35 % conversion. GPC (THF vs
PS standards Mn = 41 .3 kDa, PDl 1 . 1 3. the star architecture is confinned by hydrolyzing
the PSBr4 macroinitiator core ester bonds to give linear polystyrene. In a typical
hydrolysis experiment, PSBr4 (100 mg, 0.01 mmol), KOH (41 mg, 0.728 mmol) are
mixed in 10 mL THF. The mixture is then refluxed for 72 h. the mixture is neutralized
with dilute HCl solution and poured into 500 mL MEOH to precipitate white PS solid.
THF GPC (calibrated vs PS linear polymer) Mn = 13.3 kDa, PDI = 1 . 1 9. The hydrolysis
experiment confirms the star nature and gives linear PS linear polymer Mn which is used
to calculate the star polymer Mn to be 53.3 kDa. This data indicate that the GPC
underestimates the star polymer M„ since it is measured against linear PS polymer
standard which has higher hydrodynamic radius compared to a star polymer of
comparable molecular weight.
6.7.6 General procedure for Synthesis of P(S-b-tBA), P(tBA-b-S-b-tBA), and P(S-b-
tBA)4 copolymers. '"^^
In 50 mL rbf PSBr macroinitiator (0.50 g. 0.25 mmol) and CuBr (18 mg, 0.13
mmol) were mixed with a premixed mixture of t-butylaciylate (7.32 mL, 50 mmol),
PMDETA (26 jiL, 0. 13 mol), and acetone (2.44 mL. 25% v/v to monomer) in a total ratio
of [tBA]:[PS]:[CuBr]:[PMDETA] - 200:1:0.5:0.5. The mixture was degassed with three
cycles of freeze-pump-thaw and placed in an oil bath at 60 T. After heating for 44 h, the
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viscous green solution was cooled to ambient temperature and dissolved into 100 mL
DCM. The polymer was purified by passing through a neutral alumina column and
precipitated into 500 mL of cold 50% aq. methanol. The white sohd was filtered and
dried under vacuum overnight. Conversion 38%, 2.6 g. GPC: Mn = 17.60, kDa, PDl =
1.07. FT-IR (CO band) v= 1729 cm"'. 'H-NMR (CD3CI) S = 7.\ (bm, 3H x m. phenyl),
6.59 (bm, 2H x m. phenyl). 2.3 (b, IH x m, C/ZCH.), 2.0-1.0 (bm, 2H x m. CHjCH + IH
X n, CHCH2 + 2H X n. CHjCU + 9H x m, tBA 3CH3), where m = 1 1 1 units of average
degree of polymerization of P(tBA) block (Mn = 14.2 kDa) obtained from NMR. Br-PS-
Br and PSBr4 can be used to prepare the corresponding P(tBA-b-S-b-tBA) and P(S-b-
tBA)4 in the same way as above.
6.7.7 Synthesis of P(ACterpv) homopolymer (19)^" '^
In alOO niL rbf PAA (M„= 12.5 kDa, DP = 174, 200 mg, 2.78 mmol) was
dissolved in 15 mL of DMF. EDC (1.07 g, 5.56 mmol), and HOBT (851 mg. 5.56 mmol)
were added to the PAA solution and the polyacrylic acid was activated for 1 h at room
temperature. Compound 3 (1.86 g, 5.56 mmol) was added to the PAA activated solution
O
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and the solution was stirring at room temperature for 48 h. the slightly yellow solution
was poured into 400 mL of saturated sodium bicarbonate solution to form white
suspension. The product was extracted with DCM (3x300 mL), the organic layer was
washed with water (3x300 mL) and finally dried over anhydrous MgS04. MgSo4 was
removed by filtration and the filtrate was concentrated to 5-10 mL. The polymer was
obtained by careful precipitation by dropwise addition to the MeOH (800 mL) with
vigorous stirring followed by addition of 200 mL of water. The white solid so formed was
filtered, dried under vacuum at room temperature, 380 mg, 35 % yield. 'H-NMR (CDCI3)
5 = 8.44 (b, 2H, H6.6 ), 8.41 (b, 2H, H3.3 ), 7.79 {\ 2H, H3 .5 ), 7.63 (b, 2H, H4.4 ), 7.14
(b, 2H, H5.5 ), 6.9 (b, IH, NH), 3.94 (b, 2H, CH2), 3.09 (b. 2H, CH.), 2.53-0.96 (bm,
2XCH2CH). 'T-NMR(CDCl3) d= 176.39. 167.93, 157.53, 156.74, 149.81, 137.59,
124.64, 122.20, 108.28, 69. 1 1 . 43.56, 40.45. 3 1 .86, 30.03, 29.44. and 24.30 ppm.
6.7.8 Synthesis of P(S-b-ACterpy) diblock copolymer. (20)*"^^
In a 250 mL rbf equipped with stimng bar, P(S-b-AA) (0.50 g. 5.70 mmol based
on COOH gp). HOBT (1.05 g, 6.83 mmol) and DCC (1.41 g, 6.83 mmol) were dissolved
Br
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in dry DMF (15 mL). The PAA block was activated for 30 min. followed by addition of
compound 3 (2.29 g. 6.83 mmol) dissolved in 35 mL DMF. The mixture was stirred at
ambient temperature for 48 h after which the white precipitate of dicyclohexylurea (DCU)
was filtered out and the filtrate was poured into 200 mL water. The polymer was
extracted in DCM (3x200 mL). concentrated and precipitated into 800 mL of 50% aq
methanol to give white precipitate which was dried under vacuum overnight. Conversion
33%, 0.9 g. 'H-NMR (CDCI3) 5 = 8.52 (b, 2H, terpy Hg.e ), 8.39 (b, 2H, terpy H3..V ),
7.77 (b, 2H, teipy H?
,5 K 7.64 (b, 2H, teipy H4.4 ), 7.40-6.12 (bm, 2H. terpy H5.5 + 5H
phenyl +1H N//), 3.94 (b, 2H. CHjO), 3.1 1 (b, 2H. C//.^NH), 2.5-.80 (bm, 3H (styrene
backbone) + 3H (acrylamide backbone)) . 'T-NMR (CDCI3) S = 176.14, 169.44 (2x),
157.61, 156.83, 149.79, 146.27 (m), 137.54, 130.70(m), 128.58 (m), 126.58(2x), 124.59,
122.15, 108.24, 68.93, 45.06,(bm), 43.62 (bm), 41.32, 40.24, 30.10, 29.46, and 27.45
ppm. FTIR (CO band) v= 1650 cm''. Elemental analysis, calcd. C% = 71.91, H% = 6.24,
N%= 13.84, Obsd. 71.04, 6.19, and 13.51. Mw = 45.3 kDa (based on NMR data
integration ratio of PS and PACterpy protons of 1:6.6).
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The same procedure for the synthesis of P(S-b-ACtei py) is used with the exception
of using P(AA-b-S-b-AA) triblock copolymer in the coupling step with the amine
functionalized teipy compound 3. 'H-NMR (CDCI3) S = 8.52 (b, 2H, H6,6- ), 8.40 (b. 2H,
H3.3- ), 7.77 (b, 2H, H3 .5 7.64 (b, 2H, H4.4 ). 7.15 (b, 2H. H5.5 ), 7.05 (bm. 3H, 3xCH),
6.57 (bm, 2xCH+NH. phenyl), 3.95 (b, 2H, CH.), 3.12 (b, 2H, CH.), 2.94-1.02 (bm,
2XCH2CH). 'T-NMR (CDCI3) 5= 175.99, 168.05, 157.60, 156.81, 149.79, 146.17,
137.64, 128.84, 126.60, 124.63. 122.14, 108.34, 68.85, 43.61, 41.28, 40.28, 30.10, 29.49.
and 24.36 ppm.
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6.7.10 Synthesis of P(S-b-ACterpv)4 star copolymer. (22)*
The same procedure for the synthesis of P(S-b-ACterpy) is used with the exception
of using P(S-b-AA)4 star copolymer in the couphng step with the amine functionalized
terpy compound. 'H-NMR (CDCl?) 5 = 8.53 (b. 2H. H^.e ), 8.38 {b, 2H, H3..V ). 7.77 (b,
2H, H3
,5 ). 7.65 (b. 2H, H4.4 I 7.15 (b. 2H. H5.5 ), 7.06 (bm. 3H. 3xCH), 6.57 (bm,
2xCH+NH, phenyl), 3.97 (b, 2H, CH.), 3.13 (b, 2H. CH2), 2.88-0.88 (bm, 2XCH2CH).
'-'C-NMR(CDCl3) ^ = 176.11. 168.04, 157.51, 156.69, 149.76, 146.29. 137.59, 128.89,
128.64. 126.54, 124.66, 122.17, 108.29, 68.95, 43.58, 41.33, 40.31, 30.10, 29.47, and
24.32 ppm.
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6.8 Procedure for Synthesis of Polymers Containing [Ru(terpy)2l^^ Complex
6.8.1 General procedures for synthesis of PHBTA homopolymers
o
In 50 mL rbf, PAA (50 mg, 0.69 mmol based on the monomer) was dissolved in 5
mL dryDMF. EDC hydrochloride (199.76 mg. 1.04 mmol) and HOST (159.56 mg. 1.04
mmol) were added to the PAA solution, the PAA was allowed to be activated for 45 min.
after which a neutralized complex 10 in dry DMF was added to the activated pol>Tner
solution (1249.30 mg, 1.042 mmol. 1.5 eq./activated COOH gp of the polymer). The dark
red solution was stirred for 48 h at room temperature, after which the product was
precipitated inl L of 50 % aq. MeOH solution. The red solid polyiner was filtered, re-
dissolved in CHCI3 and re-precipitated in 10-fold excess MeOH. The dark red pol>iner
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was collected, dned under vacuum at 60 X for 48 h. 'H-NMR (CD3CN) S = 8.64-8.32
ppm (broad, 4H). 8.28 (s, 2H). 8.19 (s. 2H). 7.80-7.45 (broad, 4H), 7.45-7.19 (broad, 4H),
7.18-6.65 (broad, 5H), 4.38 (broad. 4H), 1.7-1.00 (m, 36H), 0.85 (t. J= 6.62 Hz, 3H).
'^C-NMR (CD3CN) S= 174.5 (very low intensity, broad), 169.12, 166.98, 159.27,
157.34, 157.20. 153.43, 138.63, 128.30, 125.21, 111.86. 71.23,32.62.30.43,30.37,
30.31,30.07, 29.58,26.55,23.36, and 14.40 ppm. FTIR (m CHCI3 film) v = 1616 cm''
(CO of amide bond).
6.8.2 Synthesis of PBTA homopolymers.
o
The same procedure as described above for PHBTA homopolymer should be
followed with the exception of using complex 11. 'H-NMR (CD3CN) S = 8.79-8.52 ppm
(broad, 2H). 8.51-8.00 (broad. 4H), 7.94-7.77 (broad. IH), 7.76-7.45 (broad, 2H). 7.45-
7.25 (broad, 2H). 7.24-7.09 (broad, 2H), 7.07-6.63 (broad, 5H), 4.41 (broad, 2H), 3.23
(broad, 2H) 1.8-0.9 (m, 6H). "C-NMR (CD3CN) S = 174.5 (very low intensity, broad),
169.80, 167.39, 159.06, 156.66, 153.54. 153.1, 138.7, 138.6. 136.03, 128.26, 125.12,
124.47 (m), 1 1 1.97 (m), 71.06, 41.23, 29.60, and 22.52 ppm.
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6.8.3 Synthesis of P(S-b-HBTA) diblock copolymers
O
In 50 mL rbf, P(S-b-AA) (50 mg, 0.69 mmol based on the acrylic acid monomer)
was dissolved in 5 mL dry DMF which was activated for 45 min,. EDC (199.76 mg, 1.04
mmol) and HOBT (159.56 mg, 1.04 mmol) were added to P(S-b-AA) solution after
which a neutralized complex 10 in diy DMF was added to the activated polymer solution
(1.31 g, 1.04 mmol, 1.5 eq./activated COOH group of the polymer). The dark red solution
was stirred for 48 h at room temperature, after which the product was precipitated in 1
L
of 50 % aq. MeOH solution. The red solid polymer was filtered, re-dissolved in CHCI3
and re-precipitated in 10-fold excess MeOH. The dark red polymer was collected, dried
under vacuum at 60 X for 48 h. 'H-NMR (CD3CN) S = 8.38 (b. 4H), 8.22 (b, 4H), 7.65
(b, 4H), 7.33 (b. 4H), 7.20-6.00 (b. lOH). 4.40 (b. 4H), 1.6-1 .0 (bm. 36H), 0.83 (b, 3H).
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'T-NMR (CD3CN) 5 = 176.5. 167.01, 159.32, 157.39, 153.46, 138.66. 128.34, 125.26.
111.89, 71.27. 32.64, 30.43. 30.08. 30.01. 29.64, 2^ .50, 26.61. 23.42, 14.42 ppm.
6.8.4 Synthesis of P(S-b-BTA) diblock copolymers.
O
The same procedure as described ai^ove for P(S-b-HBTA) diblock copolymer
should be followed with the exception of using complex 11. ^H-NMR (CD3CN ) S =
8.82-8.10 (bm. 5H). 8.0-7.60 (b, 2H), 7.58-6.03 (bm, 20H). 4.51 (b. 2H). 1.74-0.80 (bm.
8H). '-'C-NMR(CD3CN) S = 174.82. 167.50. 159.16, 159.03 (bm). 155.90, 153.61,
138.70, 128.36. 125.31 (b), 124.56, 1 12.30. 72.19. 41.41, 31.75 (bm). 36.22. 29.97 (bm).
24.02 (bm). 23.85 (bm) ppm.
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6.8.5 Synthesis of P(S-b-HBTA)4 star copolymers
The same procedure as described above for P(S-b-HBTA) diblock copolymer
should be followed with the exception of using complex 11 in combination of P(S-b-
AA)4. 'H-NMR (CD3CN) 5 = 8.81-8.10 (bm. 8H), 8.00-7.60 (b, 4H), 7.55-6.00 (bm,
14H), 4.50 (b, 4H). 1.87-0.94 (bm, 36H), 0.85 (b, 3H). 'T-NMR (CD3CN) 5 = 173.67.
166.97, 166.16, 160.78, 159.58, 159.26, 157.93, 157.34, 155.94, 153.43, 153.25, 138.63,
138.30, 138.13, 128.32, 127.31, 125.20, 124.97, 124.16. 115.24, 111.85. 11.63, 71.18,
32.58. 30.84, 30.36, 30.02, 29.91, 29.59, 26.56, 23.34, 14.33 ppm. FTIR (CO band) v =
1616 cm" '
.
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6.9 Thermal Analysis
The onset of polymer thermal degi-adation (Tdeu) and the degradation profile were
recorded using thermal gravimetric analysis (TGA) instrument 2050 TGA V5.3C
Module. TGA was perfomied under a stream of Nt gas. The temperature program used
allowed the temperature to increase 10 °C/min between 30-1000 "^C. Differential
Scanning Calorimetry (DSC) was used to measure the glass transition temperature of the
polymers (Tg). The Tg's were recorded under a stream of N; gas using a 2910 MDSC
V4.4E Module modulated DSC. An endothemiic hysteresis program allowed the samples
to be cool down at 2 "^C/min starting at 240 ^C down to -50 "C and heated at 40 "^C/min up
to 240 ^C. Two cooling and heating cycles were recorded and only the To value from the
second cycle is reported. Sample sizes ranged form 5 to 7 mg before used and sealed in
aluminum pans.
The onset of thennal degradation Tjeg for both systems were around 260 °C similar to
values reported by Fraser for [RufbpyPLA:).^]""^ star polymers.
The glass transition temperature Tg could not be observed for PHBTA-1 and PHBTA-2
by conducting conventional DSC in the range -50 to 240 ""C. However, endothemiic
hysteresis experiments are known to make the Tg transition more pronounced, hi this
experiment the sample is slowly cooled from a high temperature (240 °C) and then heated
rapidly a cross the region in which the glass transition in expected. By employing this
approach, the Tg of PHBTA-2 was determined to be 172 ^C. while the larger MW
PHBTA-1 does not show Tg below its Tdeg-
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The glass transition temperature Tg for the metal complex containing block could
not be observed for P(S-b-HBTA) and P(S-b-HBTA)4 by conducting conventional DSC
in the range -50 to 240 ''C. However, using endothermic hysteresis experiments in which
the sample is slowly cooled from a high temperature (240 °C) and then heated rapidly a
cross the region in which the glass transition in expected. By employing this approach,
the Tg of P(S-b-HBTA) 6 was detennined to be 1 13 T for PS block and 165 °C for the
metal complex containing block, while the star polymer P(S-b-HBTA)4 12 has Tg of 1 10
'^C for PS block and 1 79 ''C for the metal complex containing block.
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